Effects of Hydration on Equation of State (EoS) of Mg2SiO4 Phases in the Upper Mattle \u26 Transition Zone by Single-crystal X-ray Diffraction by Ye, Yu
University of Colorado, Boulder
CU Scholar
Physics Graduate Theses & Dissertations Physics
Spring 1-1-2011
Effects of Hydration on Equation of State (EoS) of
Mg2SiO4 Phases in the Upper Mattle & Transition
Zone by Single-crystal X-ray Diffraction
Yu Ye
University of Colorado at Boulder, yey@colorado.edu
Follow this and additional works at: http://scholar.colorado.edu/phys_gradetds
Part of the Geology Commons, Geophysics and Seismology Commons, and the Mineral Physics
Commons
This Dissertation is brought to you for free and open access by Physics at CU Scholar. It has been accepted for inclusion in Physics Graduate Theses &
Dissertations by an authorized administrator of CU Scholar. For more information, please contact cuscholaradmin@colorado.edu.
Recommended Citation
Ye, Yu, "Effects of Hydration on Equation of State (EoS) of Mg2SiO4 Phases in the Upper Mattle & Transition Zone by Single-crystal
X-ray Diffraction" (2011). Physics Graduate Theses & Dissertations. Paper 57.
 
  
 
 
 
 
 
EFFECTS OF HYDRATION ON EQUATION OF STATE (EOS) 
OF Mg2SiO4 PHASES IN THE UPPER MANTLE & TRANSITION 
 ZONE BY SINGLE-CRYSTAL X-RAY DIFFRACTION 
by 
YU YE 
B.S., University of Science & Technology of China, 2006 
M.S., University of Colorado at Boulder, 2009 
 
 
A thesis submitted to the  
Faculty of the Graduate School of the 
University of Colorado in partial fulfillment 
of the requirement for the degree of 
Doctor of Philosophy 
Department of Physics 
2011 
 
 
 
 
  
 
 
This thesis entitled: 
Effects of Hydration on Equation of State (EoS) of Mg2SiO4 Phases in the Upper  
Mattle & Transition Zone by Single-crystal X-ray Diffraction 
Written by Yu Ye 
has been approved for the Department of Physics 
 
 
______________________________________ 
Professor Michael H. Ritzwoller (titular advisor) 
 
______________________________________ 
Professor Joseph R. Smyth (research mentor) 
 
______________________________________ 
Professor Shijie Zhong 
 
_____________________________________ 
Professor John Wahr 
 
_____________________________________ 
Professor G. Lang Farmer 
 
                                                                                    Date:  ________________________ 
 
The final copy of this thesis has been examined by the signatories, and we 
Find that both the content and the form meet acceptable presentation standards 
Of scholarly work in the above mentioned discipline.  
III 
  
 
 
 
Ye, Yu (Ph.D., Physics) 
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Thesis directed by Professor Joseph R. Smyth 
 
             Olivine, wadsleyite and ringwoodite are the three phases of Mg2SiO4, which dominate 
60 ~ 70 vol. % of mineralogy in the upper mantle and transition zone. Water may be transported 
to the transition zone or deeper in the forms of dense hydrous magnesium silicates, and also by 
hydrogen incorporated into nominally anhydrous silicate phases. Wadsleyite and ringwoodite in 
transition zone could contain up to ~3 wt% H2O, and these small amounts of H2O can have 
significant effects on the physical properties and seismological velocities. Single-crystal XRDs 
were conducted to refine unit-cell parameters and internal structures at temperatures and 
pressures to study effects of hydration on equation of state. Hydration significantly increases 
thermal expansion and compressibility. At Argonne National Laboratory, APS, we measured the 
compressibility of hydrous wadsleyite (2.8(5) wt% H2O) and hydrous ringwoodite (2.5(3) wt% 
H2O), and the 3
rd-order B-M EOS fits the results: KT0 = 137(5) GPa, K′ = 4.6(3) for hydrous 
wadsleyite; KT0 = 160(2) GPa, K’ = 6.2(3) for hydrous ringwoodite. For both wadsleyite and 
ringwoodite, one wt% increasing in water content would decrease the isothermal modulus (KT0) 
by about 12 GPa, while increase K’. Dehydration phenomena of hydrous wadsleyite were 
observed at about 650 K, and after dehydration, M2 – O1 and M3 – O1 bonds’ lengths decreased 
by 3 % and 2.5 %, respectively. Irreversible expansion phenomena were observed at high 
temperatures for hydrous ringwoodite samples:  a small mount of H+ cations in Mg sites appear 
to transfer to Si sites without changing the spinel structure of ringwoodite, and the substituted 
Si4+ cations move to the normally vacant octahedral site at (½ , ½, 0). SiO4 tetrahedral volume 
for hydrous ringwoodite increases significantly during irreversible expansion, but does not 
change for hydrous wadsleyite during dehydration. In addition, thermal expansion study of 
aragonite-group carbonate indicate that aragonite, strontianite and witherite have very similar 
α0(V) values, whereas that of cerussite is significant larger. 
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CHAPTER 1 
Introduction 
1.1. Mineralogy of the mantle 
                  Approximately 65% of the total mass of the Earth is composed of silicate rock in the 
mantle and crust. The Pyrolite model of upper mantle and transition zone (Ringwood 1966) is 
shown in Figure 1.1.  
 
Figure 1.1. Mineral composition percentage in pyrolite model (Opx: othorpyroxene, Cpx: 
clinopyroxene, Cl-en: clinoenstatite, Gt: garnet, Pc: periclase.) 
 
Mg2SiO4 has three phases: olivine (α phase), wadsleyite (β phase) and ringwoodite (γ phase). 
These three phases dominate (60 ~ 70 vol. %) the mineralogy of the upper mantle and transition 
zone. At 410 km depth (the boundary between upper mantle and transition zone), the olivine 
2 
 
  
 
phase transforms to wadsleyite. At the bottom of the upper transition zone wadsleyite transforms 
to ringwoodite at 525 km depth.  Prior to this transition, wadsleyite may transform to a spinelloid 
phase similar in structure to spinelloid IV (Smyth and Kawamoto 1997; Smyth et al. 2005) for 
some hydrous and ferric-iron rich compositions. At 670 km depth (the boundary between 
transition zone and lower mantle), ringwoodite breaks down to perovskite (MgSiO3) and 
ferropericalse ((Mg,Fe)O). In addition, low-calcium pyroxene has two structures in the upper 
mantle: orthorhombic (orthoenstatite) and monoclinic (clinoenstatite), and orthoenstatite 
transforms to clinoenstatite at about 250 km depth. In addition to the low-Ca enstatite pyroxenes, 
there is a calcic clinopyroxene present in upper mantle assemblages.   Both pyroxene phases 
dissolve into garnet phase gradually till 525 km depth to yield a Si-rich majorite garnet phase.   
               Water may be transported to the mantle transition zone (410-660 km) or deeper by 
subducted slabs in the form of dense hydrous magnesium silicates (DHMS) (Ohtani et al. 2001; 
Inoue et al. 2004) as sketched in Figure 1.2, and incorporated as hydroxyl ‘OH’ group into dense 
hydrous magnesium silicates (DHMS) (Ohtani et al. 2001; Inoue et al. 2004) such as: serpentine 
((Mg, Fe)3Si2O5(OH)4), phase A ((Mg, Fe)7Si2O8(OH)6, Ringwood and Major 1967), 
chondrodite ((Mg, Fe)5(SiO4)2(OH)2), as well as into nominally anhydrous phases like pyroxene, 
olivine and garnet.  
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Figure 1.2. Sketch of how water was transported downward into the mantle. 
 
1.2. Hydration mechanism in nominally anhydrous silicates 
             The most common hydrogen substitution in nominally anhydrous silicates takes place in 
Mg octahedral sites (Mg2+ = 2H+), as indicated in Figure 1.3 (a) – (d), causing some of the 
occupancies of Mg sites to be less than one. The large balls represent O atoms, the medium balls 
in (a) – (c) represent Mg atoms, and the small balls in (d) represent H atoms. Hydrogen 
substitution prefers to happen in Mg1 site of olivine structure with vacancy up to 3.3 %, (CH2O = 
0.9 wt%, Smyth et al. 2006); in Mg3 site of wadselyite structure with vacancy up to 25 % (CH2O 
= 3.3 wt%, Smyth et al. 1987, 1994); and in Mg site of    magnesium-impure ringwoodite with 
vacancy as much as 10 % (CH2O = 3 wt%, Kohlstedt et al. 1987, 1994). 
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Figure 1.3 (a) - (d). Process of hydration substitution (Mg2+ = 2H+).                 
             
              Such nominally anhydrous minerals (NAMs) in the mantle could incorporate more than 
10 times the total ocean mass if saturated, demonstrated as in Figure 1.4. Even minor amounts of 
hydrogen in the mantle may play a key role in the development and evolution of the hydrosphere 
(Smyth and Jacobsen 2006; Bolfan-Casanova 2005), and have significant effects on the physical 
properties of mantle, such as density, thermal expansion, compressibility, conductivity and 
seismological velocities.  
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Figure 1.4. Water storage capacity in mantle. 
 
1.3. Arrangements of dissertation: 
            My graduate study focuses on hydration effect on the equation of state (EoS) of Mg2SiO4 
polymorphs at elevated pressures and temperatures by single-crystal X-ray diffraction. We 
measured the isothermal compressibility of hydrous wadsleyite (2.8 wt% H2O) and hydrous 
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ringwoodite (2.5 wt% H2O) at beeline 13-BM-D, GSECARS, Advanced Photon Source (APS), 
Argonne Naitonal Laboratory. In our lab, we studied thermal expansion of Mg2SiO4, as well as 
crystal structures and hydration behaviors at temperatures for hydrous wadsleyite and hydrous 
ringwoodite. The single-crystal diffraction experiments were conducted on a Bruker APEX II 
CCD area detector mounted on a P4 diffractometer with a dual scintillation point detector system 
(Figure 1.5). In addition, we also performed crystal studies at ambient condition and thermal 
expansion refinements at low and high temperatures for carbonates of aragonite group: aragonite, 
strontianite, cerussite, and witherite.  
 
Figure 1.5. Bruker APEX II system with CCD area detector (left) and point detector (right). 
 
            In the following discussion, I will arrange the dissertation in order of (i). thermal 
expansion of α, β and γ phases of Mg2SiO4 (Chapter 2), (ii). compressibility (Chapter 3) and 
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crystal structure at temperatures (Chapter 4) of hydrous wadsleyite, (iii) compressibility and 
crystal structure at temperatures of hydrous ringwoodite (Chapter 5), (iv) crystal structure at 
ambient condition and thermal expansion for aragonite-group carbonate (Chapter 6). 
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CHAPTER 2 
Hydration effect on thermal expansion of Mg2SiO4 
2.1. Introduction 
       Olivine, wadsleyite and ringwoodite, thought to be the major minerals in the upper 
mantle and transition zone, are nominally anhydrous, but can incorporate significant amounts of 
hydrogen in the form of hydroxyl in their crystal structures: Smyth (1987, 1994) predicted that 
wadsleyite might contain up to 3.3 wt% H2O by theoretical studies. Inoue et al. (1995) 
subsequently synthesized pure wadsleyite (Mg2SiO4) with 3.3 wt% H2O. Impure ringwoodite 
(Mg, Fe)2SiO4 was also shown to be able to contain up to about 3 wt% H2O (Kohlstedt et al. 
1996).  Smyth et al (2006) reported olivines with up to about 0.9 wt% H2O synthesized at 12 
GPa and 1523 K. In order to understand the role of nominally anhydrous silicates in the overall 
hydrogen budget of the planet, it is necessary to constrain the effects of hydration on the 
equations of state of the major phases of the interior. Constraining the effects of hydration on 
thermal expansion of these phases may thus improve estimates of water contents in various 
regions of the interior. This study was conducted at ambient pressure, the first step in a study of 
the effects of hydration on thermal expansion. Further steps will be necessary in future to 
constrain the thermal expansion at high pressures. 
      In addition to measurement of thermal expansion, high-temperature experiments on these 
phases may improve the understanding of breakdown mechanisms and dehydration kinetics. 
Anhydrous wadsleyite and anhydrous ringwoodite were observed to transform back into 
forsterite at 1073 K (Inoue et al. 2004). Suzuki et al. (1979) reported the persistence of 
anhydrous ringwoodite up to 1023 K, and Suzuki et al. (1980) reported the back transformation 
of anhydrous wadsleyite to forsterite at 1173 K. The thermal expansion of hydrous and 
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anhydrous wadsleyite and ringwoodite above room temperature were studied by Inoue et al. 
(2004) by powder X-ray diffraction measurements performed at ambient pressure. The thermal 
expansion of hydrous forsterite, however, has not yet been reported.  
      In the current study, single-crystal X-ray diffraction was used to measure the thermal 
expansion of hydrous and anhydrous forsterite, wadsleyite and ringwoodite from temperatures as 
low as 133 K to high temperatures of about 900 K. The esds in the cell parameters and volume of 
this study are smaller than those of previous studies from X-ray powder diffraction. The thermal 
expansion coefficients were compared with the results from Inoue et al. (2004) and Suzuki 
(1979, 1980), and a second-order polynomial fitting method was applied to ln(V/ V0) vs. T from 
low to high temperatures.  
 
2.2. Experiments 
2.2.1. Sample synthesis 
            The samples of hydrous and anhydrous forsterite, wadsleyite, and ringwoodite were 
synthesized at Bayerisches Geoinstitut, Universität Bayreuth, Germany. The synthesis of 
hydrous forsterite was carried out in a double capsule experiment in the 5000-ton multi-anvil 
press at 12 GPa and 1523 K (Smyth et al. 2006). Water contents were determined by polarized 
FTIR spectra on grains, previously oriented by X-ray single-crystal measurements, using the 
calibration of Bell et al. (2003).  Hydrous wadsleyite was synthesized at 17.5 GPa and 1673 K. 
Crystal structures and compressibilities of this sample are reported by Holl et al. (2008). 
Anhydrous wadsleyite was synthesized at 18 GPa and 1773 K. The water contents of wadsleyite 
were determined from the b/a unit cell ratio, according to the calibration of Jacobsen et al. 
(2005).  The synthesis experiment of the ringwoodite with 0.74 wt% H2O was conducted at 21.5 
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GPa and 1773 K, while the ringwoodite with 0.20 wt% H2O was synthesized at 21 GPa and 1773 
K. Water contents of these two samples were estimated from unpolarized FTIR spectra, using the 
calibration of Paterson (1982) at 0.20 and 0.74 wt% H2O respectively (Smyth et al. 2003). The 
ringwoodite with 2.4 wt% H2O was synthesized at 20 GPa and 1523 K and the water content 
estimated from the unit cell parameter (Smyth and Jacobsen 2006). 
 
2.2.2. Single-crystal X-ray diffraction 
     The X-ray data of anhydrous and hydrous forsterite, wadsleyite and ringwoodite were 
collected at the Mineral Physics and Crystallography Lab, Department of Geological Science, 
University of Colorado at Boulder. A Bruker APEX2 CCD detector system was used to find the 
orientation matrices of the single crystals. Subsequently, measurements from a point detector 
system were used to refine the cell parameters. Both detectors are mounted on Bruker P4 four-
circle diffractometers on an 18 kW rotating Mo-anode X-ray generator. The unit cell parameters 
were refined by least-squares refinement of the data from the Bruker P4 point detector 
diffractometer. Mo radiation was used, and the X-ray is composed by two characteristic 
wavelengths: Kα1=0.709300 Å and Kα2=0.713590 Å. Kα(mix)=0.71093 Å is determined by the 
percentages of Kα1 and Kα2. We use a perfect single crystal of ruby with a near sphere shape to 
calibrate the Kα(mix), i.e. the wavelength used for all cell refinement. Two-theta range for all 
reflections was limited to 12 to 30º, because for two-theta larger than 30º, the reflected rays 
might have been blocked by the heater device before they reached the detector, and for these 
silicate samples, most of the strong reflections are within two-theta range of 12 to 30º, calculated 
by the wavelength of Kα(mix). This method is also consistent with our procedures in the high 
pressure diamond cells. The generator voltage was 50 kV and the current 250 mA for all 
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experiments. For low-temperature experiments, the single crystals were mounted on glass fibers 
and cooled down to temperatures as low as 133 K. Low temperatures were measured and 
controlled by an LT-2A controller, which uses a low temperature N2 gas stream. For high-
temperature experiments, the crystals were mounted inside silica glass capillaries heated to 
temperatures as high as 919 K using a Bruker high-temperature device, which uses a two-prong 
ceramic-coated Pt wire radiant heater, with an Omega temperature-control unit. Measurements 
were generally conducted every 50 K for both low- and high-temperature runs.  
      There were differences between the real temperatures at the crystal positions and the 
temperatures read from the devices during the diffraction experiments, because the tip of the 
thermocouple was 2 – 3 mm distant from the crystal. In order to determine the real temperatures 
of the sample more accurately, after the diffraction measurements were completed for each 
sample, an Omega calibrated chromel-alumel thermocouple was placed at the crystal position 
and read by an Omega CL3515R calibrator at every temperature at which diffraction 
measurements had been carried out. Throughout the low-temperature runs, the temperature 
values read from the Bruker LT-2A controller varied within a range of 2 K about the set points. 
The systematic differences between the controller and the thermocouple calibrator were also 
within about 2 K. Thus, the low temperatures, read from the controller were used in the 
following discussion, assuming an estimated uncertainty of 2 K, and ignoring any systematic 
offset. For the high-temperature runs, the high-temperature device gave a variation of 5 K about 
each set point. The temperatures read from the calibrator were systematically as much as 17 K 
lower than those determined form the high-temperature device. Thus the high temperatures 
reported in the following discussion are the values from the calibrator, instead of from the high 
temperature device, assuming the uncertainty of 5 K.  
12 
 
  
 
2.2.3. Calculation of thermal expansion coefficients 
        The thermal expansion coefficient, α, which we express in units of K-1, is defined by: 
                                α = 1/V (∂V/ ∂T)p  = (∂lnV/ ∂T) p.                                                   (2.1) 
       In this study, the temperature dependence of α is expressed as    
                                               α = a1×T + a0.                                                                 (2.2) 
       From Equations (2.1) and (2.2), ln(V/ V0) can be derived:  
                                   ln(V/ V0) = ½ a1×T
2+ a0×T + b.                                                  (2.3) 
       For each of the seven samples, V0 is defined as the unit cell volume at the lowest 
experimental temperature, T0, so that the values of ln(V/ V0) ≥ 0 for all temperatures. b is an 
integration constant, which is determined by the value of V0, not needed to calculate α. From 
Equation (2.3), a0 and a1 can be determined when fitting ln(V/ V0) vs T to a second order 
polynomials. This is the method used to determine α, as expressed in Equation (2.2). 
     Since the mean thermal expansion coefficient α0, is a commonly used measure, we put α0 
into and integrate Equation (2.1) to derive: 
                                             ln(V/ V0) = α0×T + C.                                                        (2.4)                                                               
where C is an integration constant. This is the way we used to calculate the mean thermal 
expansion coefficients α0. 
      The software package Origin Professional 7.5 was used to perform linear fitting, and to 
calculate the slopes of the fitting lines, which gives the thermal expansion coefficients and their 
associated esds.  
 
2.3.  Results and discussion 
2.3.1. Thermal expansion of hydrous and anhydrous forsterite 
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      All diffraction data of anhydrous and hydrous (0.89 wt% H2O) forsterite are consistent 
with the space group Pbnm. The experimental temperature range for anhydrous forsterite was 
from 153 to 889 K (V0=289.25(2) Å
3 at T=153 K). For hydrous forsterite, the temperature range 
was from 133 to 919 K (V0=289.54(2) Å
3 at T=133 K). We assume that hydrous forsterite 
dehydrated at about 919 K, as we observed an irreversible and abrupt decrease in the length of 
the b-axis. Dehydration is assumed because at every temperature from 300 to 889 K measured in 
this study, the b-axis of hydrous forsterite was about 0.01 Å larger than that of anhydrous 
forsterite. The dehydration was observed to be essentially complete in less than 10 minutes. That 
is because the measurement, which took about 1 hr, was conducted 10 minutes after the 
temperature reached 919 K, while no evidence for further dehydration during the measurement at 
919 K was observed, as all reflections recorded at this temperature were sharp and distinct. The 
crystal broke down after the measurement at 919 K. Hence, further experiments could not be 
conducted. 
       The unit-cell parameters of anhydrous and hydrous forsterite are listed in Appendixes 
2.1 and 2.2 respectively. The thermal expansions of a, b and c-axes are plotted in Figures 2.1 
(a) – (c). The functions ln(V/ V0) vs. T are plotted in Figure 2.2, where a second-order 
polynomial fitting is applied. The temperature range used for the second-order polynomial fit to 
the hydrous forsterite data was limited to temperatures below the dehydration (i.e., 133 – 889 K). 
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Figure 2.1. Temperature dependence of (a) the a-, (b) the b- and (c) the c-axes of anhydrous and 
hydrous (0.89 wt% H2O) forsterite.  
 
Figure 2.2. Temperature dependence of ln(V/V0) of anhydrous and hydrous (0.89 wt% H2O) 
forsterite. The second-order polynomial fitting curves are over the range 153 to 889 K for 
anhydrous forsterite (R2 = 0.9988) and 133 to 889 K for hydrous forsterite (R2 = 0.9994). 
 
2.3.2. Thermal expansion of hydrous and anhydrous wadsleyite  
      The diffraction patterns of both anhydrous and hydrous (1.66 wt% H2O) wadsleyite are 
consistent with the space group Imma (Holl et al. 2008). Both anhydrous and hydrous wadsleyite 
were cooled down to a temperature of 153 K, where V0=537.46(10) Å
3 and V0=538.53(15) Å
3 for 
anhydrous and hydrous wadsleyite, respectively. Anhydrous wadsleyite was heated to 859 K, at 
which point the single crystal broke down.           
       We interpret the onset of dehydration of hydrous wadsleyite as occurring at 655 K, the 
temperature at which an abrupt increase in the a-axis and an abrupt decrease of the b-axis were 
observed: The change is attributed to dehydration, because anhydrous wadsleyite has a longer a-
axis and a shorter b-axis than hydrous wadsleyite. There is not much difference in the c-axes 
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between the two samples. Liu et al. (1998) reported that hydrous wadsleyite converted to a 
defective forsterite at 723 K in about 5 minutes, while Inoue et al. (2004) observed that hydrous 
wadsleyite began dehydration at 723 K. 
       The unit-cell parameters of anhydrous and hydrous wadsleyite are listed Appendixes 
2.3 and 2.4, respectively. The thermal expansion of a-, b- and c-axes are plotted in Figures 2.3 
(a) – (c). The functions ln(V/ V0) vs. T are plotted in Figure 2.4, where a second-order fitting is 
applied. The temperature range used for the second-order polynomial fit of hydrous wadsleyite 
data was restricted to temperatures before the dehydration (i.e., 133 – 606 K). Hydrous 
wadsleyite has a large esd associated with a0, and a0 is also smaller for hydrous than for 
anhydrous wadsleyite.  
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Figure 2.3. Temperature dependence of (a) the a-, (b) the b- and (c) the c-axes of anhydrous and 
hydrous (2.1 wt% H2O) wadsleyite.  
 
 
 
 
 
 
Figure 2.4. Temperature dependence of ln(V/V0) of anhydrous wadsleyite and hydrous (2.1 wt% 
H2O) wadsleyite. The second-order polynomial fitting curves are from 133 to 808 K for 
anhydrous wadsleyite (R2 = 0.9987) and from 133 to 606 K for hydrous wadsleyite (R2 = 
0.9962).  
 
2.3.3. Thermal expansion of hydrous ringwoodite 
       In this study, three different samples of hydrous ringwoodite were used with 0.20, 0.74 
and 2.4 wt% H2O. We refer to them here as ringwoodite I, II and III, respectively, in the order of 
increasing water content. The diffraction patterns of all three samples are consistent with the 
space group Fd3m. Each of the three samples was cooled to a temperature of 133 K, where 
values of V0 of 523.27(12) Å
3, 523.86(6) Å3 and 526.76(16) Å3 were determined for ringwoodite 
I, II and III, respectively. Ringwoodite I was heated to 911 K, where the volume of the unit cell 
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increased abruptly. At this temperature, significantly broadened reflections were observed, and 
this was reflected in the larger esd of the determined unit cell volume than those determined at 
lower temperatures. The crystal was then moved back to the APEX2 CCD detector to collect 
another diffraction pattern for room temperature. The pattern observed was that of a 
polycrystalline powder, which indicated that the crystal was still ringwoodite but had begun to 
break down. The data taken below 911 K were used for calculation in the following discussion. 
              Liu et al. (2002) reported that hydrous ringwoodite sometimes converted to a defective 
forsterite structure above 900 K. Inoue et al. (2004) reported that dehydration of hydrous 
ringwoodite powder started at 723 K by observations of a decrease in the unit cell volume. 
However, in the current study, breakdown of the two hydrous samples was observed as 
irreversible expansions of the unit cells above certain temperatures. For ringwoodite II, the 
temperature of irreversible expansion was 808 K. The volume of the unit cell after having been 
heated to 808 K and cooled to room temperature was 532.1(5) Å3, whereas the initial room 
temperature volume was 525.86(6) Å3. The temperature of irreversible expansion for 
ringwoodite III was 606 K. The volume of the unit cell after having been heated to 606 K and 
cooled to room temperature was 530.55(7) Å3, while the initial room temperature volume was 
528.16(6) Å3. In contrast to dehydration of hydrous wadsleyite discussed above, the irreversible 
expansions of the unit cell were observed for ringwoodite II and III. This irreversible expansion 
is clearly a metastable phenomenon associated with breakdown and possible back transformation 
of the ringwoodite well outside its field of stability. Like ringwoodite I, ringwoodite II and III 
were not single crystals after the high-temperature measurements. Hence, we could not 
determine the water contents for ringwoodite II and III after the experiments. In the following 
calculation of the thermal expansion coefficients of both ringwoodite II and III, the temperature 
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ranges chosen for the fits are cut off just below the temperatures of irreversible expansion. The 
unit-cell parameters of all three samples are listed in Table 2.5. The functions ln(V/ V0) vs. T are 
plotted in Figure 2.5, where a second order fitting is applied. 
 
 
Figure 2.5. Temperature dependence of ln(V/V0) of ringwoodite I, II and III, with 0.20, 0.74 and 
2.4 wt% H2O, respectively. The second order polynomial fitting curves are from 133 to 859 K 
for ringwoodite I (R2 = 0.9992), from 133 to 777 K for ringwoodite II (R2 = 0.998), and from 
133 to 577 K for ringwoodite III (R2 = 0.9981). 
 
2.3.4. Effects of hydration on thermal expansion 
             For the second-order fittings for the data of ln(V/V0) vs. temperature in Figures 2.2, 2.4 
and 2.5, the calculated The calculated a1, a0 and b, as defined in Equations (2.2) and (2.3), are 
listed in Table 2.1. The mean thermal expansion coefficients for a-, b- and c-axes for forsterite 
and wadsleyite samples are calculated in Table 2.2, and values of the mean volume thermal 
expansion coefficients, α0, for all these three phases are listed in Table 2.3.   
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Table 2.1. The values of the coefficients a1, a0 and b derived from the second-order polynomial 
fittings to ln(V/ V0) for anhydrous and hydrous forms of forsterite, wadsleyite and ringwoodite.  
 
                                     a1 (10
-8)         a0 (10
-4)         b (10-3)         T range (K) 
anhydrous forsterite:      2.4(3)         0.219(17)        -4.2(4)           153-889 
hydrous forsterite:          3.4(2)        0.178(11)         -3.0(2)           133-889 
anhydrous wadsleyite:   2.2(3)           0.16(2)          -3.1(3)           133-808 
hydrous wadsleyite:      7.5(10)          0.02(8)          -1.2(7)           133-606 
ringwoodite I:                3.6(2)         0.104(10)        -1.9(2)           133-859 
ringwoodite II:               6.2(4)          0.02(2)            -7(4)             133-777 
ringwoodite III:             8.0(8)           0.02(2)            -8(4)             133-577 
 
 
Table 2.2. The mean thermal expansion coefficients of a-, b- and c-axes of anhydrous and 
hydrous forms of forsterite and wadsleyite (10-6 K-1). 
 
                 α0(a)        α0(b)             α0(c)   
    anhydrous forsterite           9.2(2)      14.8(1)         12.5(4)       This study 
                9.2(3)      13.4(2)         11.7(3)       Suzuki et al. (1975) 
    hydrous forsterite               10.8(4)      14.7(3)         12.5(3)       This study 
    anhydrous wadsleyite       7.6(3)       7.1(3)          14.0(3)       This study 
               8.7(2)      11.6(5)         13.7(2)       Inoue et al. (2004) 
               9.1(6)       6.9(7)          13.5(6)       Suzuki et al. (1979) 
    hydrous wadsleyite           8.4(3)         11.0(7)         16.4(10)     This study 
               9.7(7)          #                  18(2)         Inoue et al. (2004) 
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Table 2.3. The linear thermal volume expansion coefficients of anhydrous and hydrous forms of 
forsterite, wadsleyite and ringwoodite. 
 
 H2O (wt%) α 0(10
-6 K-1) T range (K)  
anhydrous forsterite    0   36.4(5) 300-889   This study 
    0   34.3(6) 303-1173  Suzuki et al. (1975) 
hydrous forsterite    0.89   38.1(9) 300-889   This study 
anhydrous wadsleyite    0   28.5(5) 303-808   This study 
    0   34.0(5) 293-973   Inoue et al. (2004) 
    0   29.4(8) 293-1073  Suzuki et al. (1980) 
hydrous wadsleyite    1.66   35.8(14) 303-606   This study 
    2.4(2)   30.1(14) 303-623   Inoue et al. (2004) 
 ringwoodite                      0   30.7(6) 293-973   Inoue et al. (2004) 
                                        0   24.7(5) 293-1023  Suzuki et al. (1979) 
                                 I:   0.2                  30.6(9) 303-859   This study 
                               II:   0.74   35.2(15) 303-777   This study 
                              III:   2.4                   34.9(7)          303-577   This study 
 2.6(3)   27.3(9) 303-623   Inoue et al. (2004) 
 
 
              From Table 2.3, the trend across the seven samples of forsterite, wadsleyite and 
ringwoodite is that the mean volume thermal expansion coefficient, α0, is larger for the hydrous 
than the anhydrous forms. (We refer to ringwoodite II and III as hydrous ringwoodite and to 
ringwoodite I as anhydrous ringwoodite, to simplify the discussion.) Using Raman spectroscopy 
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at ambient pressure, Liu et al. (1998, 2002) reported that both hydrous wadsleyite and hydrous 
ringwoodite have volume thermal expansion coefficients that are slightly smaller than those of 
the corresponding anhydrous forms. A similar conclusion was reached by Inoue et al. (2004), 
using high temperature powder X-ray diffraction at ambient pressure. For ringwoodite II and III, 
the values of α0 are calculated from the data taken below their temperatures of irreversible 
expansion. Ringwoodite III has a lower temperature of irreversible thermal expansion than 
ringwoodite II: Ringwoodite III was fitted over the temperature range of 303 – 577 K, while 
ringwoodite II was fitted over the range of 303 – 777 K. From such fits, the calculated α0 for 
ringwoodite III is smaller than that of ringwoodite II 
              The data from this study have smaller esds associated with the unit cell parameters and 
volumes, and are less scattered than those of Inoue et al. (2004). In Figures 2.1-2.5, the error 
bars for the unit cell parameters and ln(V/ V0) are smaller than the sizes of the symbols. The 
second-order polynomial fits applied to these seven silicates accurately describe the results, with 
R2 close to 1. All hydrous samples of forsterite, wadsleyite, and ringwoodite have larger values 
of a1 than their corresponding anhydrous forms. The values of a0 are much smaller for the 
hydrous ringwoodite and wadsleyite than those of their corresponding anhydrous forms. In 
addition, the rapid dehydration observed in forsterite above 900 K may explain why natural 
olivines with more than about 200 ppm H2O have not been observed.   
              In these experiments, we have constrained the effects of hydration on thermal expansion 
at ambient pressure of the three most abundant phases of the upper mantle and transition zone. 
We observe a systematic increase in thermal expansion with hydration in all three phases. This is 
consistent with volume expansions observed with hydration at ambient temperature and pressure 
(Smyth et al. 2003, 2006; Jacobsen et al. 2006). The hydration mechanism in all three appears to 
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be predominantly octahedral site vacancy with protons located in the periphery of the vacant 
octahedra (Hushur et al. 2009; Holl et al. 2008; Smyth et al. 2003). Decreased bond strength 
around the vacant octahedra is then expected to result in increased thermal expansivity in each of 
these phases with hydration. This vacancy mechanism is also consistent with the ambient 
pressure and temperature volume expansion and decreased bulk and shear moduli observed with 
hydration in these phases (Jacobsen et al. 2008a; Mao et al. 2008a; Jacobsen and Smyth 2006). 
In order to map out hydration in the upper mantle and transition zone, however, it will be 
necessary to constrain thermal expansion at pressure or elastic properties at both elevated 
temperature and pressure in hydrated samples. We hope the current study is a significant step in 
this process.  
 
2.4.  Conclusion 
             Single-crystal X-ray diffraction has been used to measure the thermal expansion 
coefficients of forsterite, wadsleyite, ringwoodite and their hydrous forms at ambient pressure, 
from temperatures as low as 133 K to as high as 919 K. Second-order polynomial fitting to 
ln(V/V0) vs. T was applied to derive the expansion coefficients in the form of α= a1×T +a0. The 
single crystal of anhydrous wadsleyite persisted up to 859 K. Hydrous forsterite was observed to 
dehydrate at 919 K, while hydrous wadsleyite started to dehydrate at 655 K. The crystal of 
ringwoodite with 0.20 wt% broke down at 911 K, and the two ringwoodite samples with 0.74 
and 2.4 wt% H2O, were observed to break down with an irreversible unit cell expansion at 808 K 
and 606 K respectively. From room temperature to high temperatures in this study, the mean 
thermal volume expansion coefficients are 36.4(5)×10-6 K-1 and 38.1(9)×10-6 K-1 respectively for 
anhydrous and hydrous forsterite; 28.5(5)×10-6 K-1 and 35.8(8)×10-6 K-1 respectively for the 
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anhydrous and hydrous wadsleyite; 30.6(9)×10-6 K-1, 35.2(15)×10-6 K-1 and 34.9(7) ×10-6 K-1 for 
the samples of ringwoodite with 0.2, 0.74 and 2.4 wt% H2O respectively. Thus, forsterite, 
wadsleyite, and ringwoodite all have larger thermal expansion coefficients in their hydrous forms 
than in their anhydrous forms.  
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CHAPTER 3 
Crystal structure and compressibility of hydrous wadsleyite  
3.1. Introduction 
              Wadsleyite dominates the mineralogy of the upper transition zone with pyrolite 
composition (Anderson 2007; Ringwood 1966) (up to 70 vol. %). From a depth of 410 to 525 km 
downwards, wadsleyite transforms to ringwoodite. Smyth (1987, 1994) predicted that wadsleyite 
can contain up to 3.3 wt% H2O, because O1, the under-bonded non-silicate oxygen, is a likely 
site for hydration. Subsequently, Inoue et al. (1995) synthesized pure-magnesium hydrous 
wadsleyite with 3.1 wt% H2O. The huge amount of water potentially incorporated into these 
silicate minerals in the mantle implies that the mass of liquid-water equivalent stored or recycled 
through the mantle might amount to several oceans. Such implications are important for the 
understanding of the evolution of crust and mantle and changes of ocean levels in the geological 
past (Drake and Righter 2002; Bercovici and Karato 2003). 
             Hydrogen in the wadsleyite structure has significant effects on the physical properties 
such as thermal expansion (Ye et al. 2009, Inoue et al. 1995) and compressibility (Holl et al. 
2008).  Inoue et al. (1995) studied the thermal expansion of hydrous wadsleyite (Mg2SiO4) with 
as much as 2.6 wt% H2O, by powder X-ray diffraction up to 973 K at ambient pressure. Yusa 
and Inoue (1997) reported the compressibility of hydrous wadsleyite (Mg2SiO4) with 2.5 wt% 
H2O, by powder X-ray diffraction to 8.5 GPa. Hazen et al. 2000 and Holl et al. 2008 have also 
reported KT0 up to 10 GPa. We have synthesized hydrous wadsleyite, with about 2.8 wt% H2O, 
and refined its crystal structure at ambient conditions to obtain information on the hydration 
mechanism. We also measured the unit cell parameters up to 61.3 GPa by single-crystal X-ray 
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diffraction in a diamond anvil cell using neon as pressure-medium at sector 13 of the Advanced 
Photon Source (GSECARS).  
             Anhydrous wadsleyite crystallizes in the orthorhombic space group Imma. Hydration 
causes a volume expansion of the unit cell together with an apparent decrease in symmetry to 
monoclinic space group I2/m. Smyth et al. (1997) reported an iron-bearing wadsleyite with 2.3 
wt% H2O and β = 90.4°; Jacobsen et al. (2005) observed β up to 90.125(3)° for a sample with 
1.06 wt% H2O; Holl et al. (2008) described the sample with 1.66 wt% H2O and β = 90.090(7)°.  
In this study, the monoclinic structure was further studied with respect to higher water content.  
 
3.2. Experiments 
3.2.1. Synthesis 
               Crystals of hydrous pure Mg wadsleyite for this study were synthesized at 15 GPa and 
1250 ºC using a 2mm welded Pt capsule in an 18 mm sintered MgO octahedron assembly in the 
5000 ton multi-anvil press at Bayerisches Geoinstitut. Corner truncations on the 54 mm WC 
cubes were 8mm and the heating duration time was 210 minutes. Starting material was synthetic 
anhydrous forsterite plus brucite and silica (quartz) to give a composition with 5.5 wt% H2O. 
Single crystals up to 250 μm were obtained. No phases other than wadsleyite were noted in the 
capsule. 
 
3.2.2. Unit-cell parameters and crystal structure 
             A single crystal about 120×100×70 μm3 in size was selected for structure and unit cell 
refinement. Measurements for unit cell refinements were carried out on a Bruker P4 four-circle 
diffractometer with a dual scintillation point detector system. The two-theta range was from 12º 
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to 30º. After centering of all reflections, a least-squares-fitting was done to calculate the cell 
parameters with uncertainties. Ninety reflections from the single crystal were centered to refine 
cell parameters in both monoclinic and orthorhombic structure. The refined monoclinic cell is: a 
= 5.6686(8) Å, b = 11.569(1) Å, c = 8.2449(9) Å,  = 90.14(1)º and V = 540.7(1) Å3, and the 
orthorhombic cell is a = 5.662(1) Å, b = 11.577(2) Å, c = 8.242(2) Å, and V = 540.3(2) Å3.  
            Intensity data were collected using a Bruker APEX II CCD detector mounted on a P4 
diffractometer. Refinements of atom positions and anisotropic displacement parameters were 
done using the program SHELXL-97 (Sheldrick 1997) in the software package  WinGX 
(Farrugia 1999). We used scattering factors of Mg2+ and Si4+ reported by Cromer and Mann 
(1968), and those of O2- from Tokonami (1965).  XtalDraw (Downs et al. 1993) was used to 
calculate the bond lengths and polyhedral coordination parameters. In order to refine the 
structure, 6308 diffracted intensities (1179 unique) were measured with 2  up to 88 . The 
structure was refined in the space groups Imma (orthorhombic) and I2/m (monoclinic). The 
orthorhombic structure refinement converged to Rint = 0.0339; and R1 = 0.0361 for 984 unique 
reflections with Fo > 4 , and 0.0421 for all 1136 unique reflections. The monoclinic structure 
refinement converged to Rint = 0.0305; and R1 = 0.0360 for 1634 unique reflections with Fo > 
4 , and 0.0447 for all 1975 data. The refined atomic positions and site occupancy factors are 
listed in Table 3.1 for both orthorhombic and monoclinic structure refinements. When the space 
group was changed from Imma to I2/m, the origin was shifted to (¼, ¼, ¼), and the x coordinates 
of Mg2, Si, O1, O2 and O3 were refined, instead of being fixed to 0. The Mg3 site splits into two 
non-equivalent sites: Mg3A (¼, 0.121, ¼) and Mg3B (¾, 0.379, ¼). Correspondingly, O4 also 
splits into two non-equivalent sites: O4A which is bonded to Mg3A, and O4B which is bonded 
to Mg3B. After adding H atoms, we found most of the cation vacancies on the Mg3 sites. This is 
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consistent with the refinements of Holl et al. (2008) and Deon et al. (2010). These vacancies 
accounted for nearly 20% of the Mg3 sites, as indicated in Table 3.1, whereas nearly full 
occupancies were observed on Mg1, Mg2 and Si. All atoms were refined with anisotropic 
displacement parameters (Appendix 3.1). There were no significant differences between the two 
sets of displacement parameters. The bond lengths, polyhedral parameters and edge lengths of 
cation polyhedra are listed in Appendix 3.2. Selected bond distances from this study (for Imma 
structure refinement) are compared to those for Sample WS3056 with 0.005 wt% H2O from Holl 
et al. (2008) in Table 3.2. 
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Table 3.2.  Comparison of inter-atomic distances in wadsleyites with 0.005 and 2.8 wt% H2O.     
  
                          CH2O (wt% H2O)                      0.005                  2.8 (for space group Imma) 
Mg1- O3 (2) (Å)  2.112(2)                      2.118(1) 
                                     O4(4) (Å)    2.050(1)                      2.058(1) 
                               Ave. bond (Å)               2.071(2)                      2.078(1) 
                           Poly. Vol. (Å3)             11.756(9)                    11.898(5) 
 
                         Mg2 – O1(1) (Å)  2.029(4)  2.103(1) 
                                    O2(1) (Å)         2.101(4)  2.101(1) 
                                    O4(4) (Å)         2.092(1)  2.081(2) 
                               Ave. bond (Å)   2.082(2)  2.089(1) 
                            Poly. Vol. (Å3)               11.96(2)  12.040(5) 
 
                           Mg3 – O1(2) (Å)             2.018(1)  2.071(1) 
                                     O3(2) (Å)             2.124(2)  2.010(2) 
                                     O4(2) (Å)             2.131(2)  2.102(2) 
                               Ave. bond (Å)                 2.091(4)             2.091(2) 
                              Poly. Vol. (Å3)             12.072(5)  12.1003(6 
 
3.2.3. High-pressure XRD  
             High-pressure XRD-experiments were conducted at beamline 13-BM-D, at GSECARS, 
Advanced Photon Source (APS), Argonne National Laboratory. The size of the single crystal for 
the high-pressure measurement was about 45×35×20 μm3.  We used a symmetric piston-cylinder 
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type diamond anvil cell (DAC), with 300 μm culets. The diamond cell was fitted with cubic 
boron nitride (cBN) seat on the downstream side, and hexagonal tungsten carbide (hWC) seat on 
the upstream side. A rhenium gasket, pre-indented to initial thickness of 30 μm, with a 165 μm 
diameter hole was used for the experiment. The DAC was loaded with neon as pressure-medium 
using the COMPRES/GSECARS gas-loading system (Rivers et al. 2008). The pressure inside the 
cell was about 1.5 GPa after closing, and the gasket-hole diameter decreased by about 30%. 
Throughout the experiment, we used monochromatic synchrotron radiation with wavelength: λ = 
0.3344 Å. An annealed ruby sphere placed in the sample chamber along with the sample served 
as the pressure marker. 
   For the high-pressure measurement, the diffractometer is a simple high-precision 1-axis 
rotation stage, and the detector was a MAR345 image plate, working in the low resolution mode 
with a pixel size of 0.150 mm. The single-crystal diffraction data collection involved measuring 
three separate -oscillation images (‘center’, ‘left’ and ‘right’) at each pressure point: -13.5º to 
15.5º with 5 minutes for ‘center’ image, -30º to -19º with 2 minutes for ‘left’ image, and 19º to 
30º with 2 minutes for ‘right’ image.  The gaps in the rotation between these image ranges were 
omitted because of strong powder diffraction from hWC (on the upstream side) caused by the 
only partially absorbed transmitted X-ray beam.  In order to obtain the orientation matrix at the 
initial pressure of 1.55 GPa, an ω step scan was performed in the range from -13.5º to 15.5º, with 
the step size of 1º and exposure time of 1 minute per image. The resulting 29 images were used 
to calculate ω angles for each reflection and the orientation matrix, as well as unit cell 
parameters. This orientation matrix was then used as a first approximation to index peaks in 
images collected at subsequent pressures.   
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3.2.4. Pressure calibration 
              Ruby R1 fluorescence line is widely used as pressure scale for high-pressure 
experiments in diamond anvil cells, with λ0 = 694.24 nm for ambient pressure at 298 K (Silvera 
et al. 2007). Mao et al. (1986) calibrated the relationship between pressure and wavelength shift 
(Δλ) as in equation (3.1) for ‘quasi-hydrostatic’ argon to 80 GPa: 
                                       PAr = (A/B)[(1 + (Δλ/λ))
B - 1] (GPa)                                              (3.1) 
where A = 1904 GPa, and B = 7.665. 
     According to Dewaele et al. (2008), neon is a good quasi-hydrostatic pressure medium 
up to at least 80 GPa at room temperature, and the equation of state was reported in the pressure 
range up to 208 GPa, in which the crystal structure remained face-center-cubic. The diffraction 
patterns at 6 GPa, 12 GPa, 29 GPa and 61 GPa are shown in Figures 3.1 (a)-(d), created with 
software package GSE-ADA (Dera 2007a). Neon reflections were identified as short streaks, 
compared with the sharp reflection spots from the single crystal of hydrous wadsleyite and 
diamond. For each step above 12 GPa, neon reflections of (111), (200) and (220) could be 
observed on the 2-D diffraction patterns, as indicated in Figures 3.1 (a)-(d). Hence, for each step 
above 12 GPa, 6 to 8 reflection ‘streaks’ from the diffraction patterns were used to calculate the 
pressure with statistical uncertainties, using the PVT equations of states from Fei et al. (2007) 
and Dorogokupets and Dewaele (2007). The pressure values read from the spectrometer and 
calculated from neon diffraction patterns are listed in Appendix 3.3. 
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Figure 3.1. (a) – (d) The single-crystal diffraction patterns of ‘left’, ‘center’ and ‘right’ images at 
the pressures of 6 GPa, 12 GPa, 29 GPa and 61 GPa, respectively. The diffraction patterns from 
hydrous wadsleyite, which are used to calculate the unit cell parameters, are marked with 
squares, and most of the unmarked strong reflection spots are from diamond.  The neon 
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reflection streaks appeared at 12 GPa, and became more apparent at 29 GPa and 61 GPa. In (b) 
the streaks on the inner rings are (111) streaks, the ones on the outer rings are (220). (200) 
streaks appeared in (c) and (d) between the rings for (111) and (220), although not as strong as 
(111) and (220) streaks. 
      
   In the following discussion and calculation, we have used the pressure values from neon 
diffraction patterns for the steps above 12 GPa. For the measurements below 12 GPa the pressure 
values were derived from a spectrometer program which measured R1 peak-shift, and calibrated 
pressures on the base of equation (3.1), and we assume that the given values are of sufficient 
accuracy in the lower pressure range. Generally, the pressure values from neon diffraction 
patterns were slightly smaller than those from the ruby spectra. As pressure increased, the ruby 
moved to the edge of the gasket hole which may have caused the ruby to record slightly higher 
values than the crystal, due to the non-hydrostatic pressure from the edge of the gasket hole.  In 
this study, we did not calibrate the ruby pressure scale in our neon pressure-medium, because the 
uncertainties for pressures derived from neon diffraction patterns are larger than those from MgO 
volumes (Jacobsen et al. 2008b), but still good enough to derive a reasonable value of KT0 as 
discussed below.        
     For each pressure, more than 50 reflections were used to refine the unit cell parameters 
by the software packages of GSE-ADA (Dera 2007a) and RSV (Dera 2007b). The cell 
parameters, listed in Appendix 3.3, were calculated as orthorhombic unit cell. Because of the 
large uncertainties, we were unable to resolve a -angle different from 90 . The program EoSFit 
(Angel 2001) was used to fit the pressure-volume data to the second and third-order Birch-
Murnaghan equations of state (B-M EOS). Volume vs. pressure are plotted in Figure 3.2, Birch 
normalized pressure (FE) vs. Euler finite strain (fE) are plotted in Figure 3.3, and a, b and c axes 
compressions are plotted in Figure 3.4 (a) – (c). 
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Figure 3.2. Plot of volume vs. pressure data with the fitting curve for the third-order B-M EOS. 
The calculated V0, K0 and K′ are listed. The horizontal and vertical error bars represent pressure 
and volume uncertainties, respectively, if they are larger than the symbol sizes. The zero-
pressure volume from our lab is marked as an open square symbol.  
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Figure 3.3.  Birch normalized pressure (FE) vs. Euler finite strain (fE). The linear regressions 
gives the bulk modulus as y-intercept, and the positive slope shows that K′ is larger than 4.  
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Figure 3.4 (a) – (c). The a, b and c-axes compressions with fitting curves for third-order B-M 
EOS. The horizontal (pressure) and vertical (axes length) error bars are represented if they are 
larger than the symbol sizes. The zero-pressure axial lengths are marked as open square symbols.  
 
 
3.3. Discussion 
3.3.1. Water content and unit cell  
               Jacobsen et al. (2005) determined the equation for water content as: 
                              b/a  =  2.008(1) + 1.25(3) × 10-6 CH2O (ppm wt.)                             (3.2) 
The water contents of samples WZ304, WH833 and WZ292 in that study were assumed by the 
average of two values derived by the calibrations of Paterson (1982) and Libowitzky & Rossman 
(1997), respectively. However, Deon et al. (2010) published a new absorption coefficient for 
hydrous wadsleyite, which would give water contents about 20 wt% higher than those from 
Libowitzky and Rossman (1997). Calibration of the water contents of minerals from FTIR 
spectra is still an open problem with no absolute values yet, and each mineral seems to require its 
own calibration. Since equation (3.2) is relatively well established and has been used in several 
studies, we use it here to calculate the water content of our sample for consistency with previous 
studies. We estimate an uncertainty of as much as 20% to cover any possible discrepancy caused 
by different calibration methods.  The b/a ratio is 2.041 (2.63 wt% H2O) for monoclinic 
structure, while 2.445 (2.92 wt% H2O) for orthorhombic structure. Hence, we assume the water 
content to be the average of 2.8 wt% H2O, with an uncertainty of 0.5 wt%.   
            The unit cell parameters for current sample are consistent with the relationships of unit 
cell parameters vs. water content in Figure 1 in Holl et al. (2008). For 1 wt% H2O increase, a and 
c axes decrease by 0.20% and 0.05%, respectively; while b axis and V increase by 0.40% and 
40 
 
  
 
0.16%, respectively. If we assume that vacancies only occur at Mg3 sites in the orthorhombic 
structure of hydrous wadsleyite (Deon et al. 2010), the density of current sample should be 
3.344(1) g/cm3, which is also consistent with Figure 2 in Holl et al. (2008). 
 
3.3.2. Crystal structure 
         Selected inter-atomic distances from Imma structure refinements for the two samples 
are compared in Table 3.2. Relative to anhydrous wadsleyite, the Mg – O distances around O1 
expand, whereas those around the other oxygens contract. In anhydrous wadsleyite the O1 
position is bonded only to five Mg atoms (four Mg3 and one Mg2) and thus is strongly under-
bonded (Smyth 1987).  Protonation of O1 relieves this imbalance, lengthens the bonds around 
O1 and permits the longer bonds around the other oxygens to contract. For the samples from 
Holl et al. (2008) and this study, the O1-O1, O1-O4 and O3-O3 edge lengths on M3 and O4-O4 
edge length shared by M1 and M2 show a systematic decrease as water content increases. By 
extending the water content to 2.8 wt%, it further supports the claim by Smyth (1987) that O1, 
the non-silicate oxygen, is a preferred site for H in the structure, since H+ cations have an effect 
of mitigating the repulsion between neighboring O2- anions. The Mg1 and Si polyhedra from this 
study are about 0.4 % and 0.3 % larger, respectively, than those of SS0401, while the volumes of 
Mg2, Mg3A, Mg3B polyhedra do not differ much. On the other hand, Deon et al. (2010) 
suggested that most protonation occurs along O1-O4 and O3-O4 edges of a vacant Mg3 
octahedron, and the protonation is random with either two O1, two O3 or one O1 & one O3 in 
the vacant Mg3 octahedron. Slight splits for some of reflection spots were observed on the 
images of diffraction patterns when intensity data were collected on the CCD detector, which 
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supports the signs of strain due to polysynthetic twinning on the orthorhombic structure, noted 
by Holl et al. (2008).  
   In the structure refinement, several atoms are seen to deviate significantly from their 
equivalent positions in the orthorhombic structure.  This split can be explained by the slight 
deviation of Mg2 – O1 direction from the original direction, which had been perpendicular to the 
a-b plane. This could be induced by the protonating, since O1 is a preferable site for H atoms. In 
the O1-site tetrahedron, the observed distance from Mg2 to Mg3A and Mg3B are 3.087(2) and 
3.093(2) Å, and the angles of Mg2-O1-Mg3A and Mg2-O1-Mg3B are 95.33(8)  and 95.61(8) , 
respectively. Such differences are significant, although slight. Nevertheless, these distances and 
angles are identical for each Mg3 position in orthorhombic structure. Hence, Mg3A sites [(¼, 
0.12, ¼) and (¼, 0.38, ¼)] were split from Mg3B sites [(-¼, 0.12, ¼) and (-¼, 0.38, ¼)] along 
the direction of a axis, by the symmetry change, causing  to deviate slightly from 90 . We 
therefore refined the x coordinates in Table 3.1, in order to determine the splitting of the atom 
positions in the monoclinic structure.  
 
3.3.3. Compression to 61.3 GPa 
    In a pyrolite composition model (Ringwood 1966, Anderson 2007), wadsleyite 
transforms to ringwoodite at about 525 km where T = 1790 K, P = 17.5 GPa: at 525-km depth, 
the density increases from 3.70 g/cm3 to 3.77 g/cm3, and the adiabatic bulk modulus Ks increases 
from 231.9 GPa to 249.5 GPa, bulk sound velocity VΦ  = (Ks /ρ)
1/2 increases from 7.91 km/s to 
8.13 km/s (Yu et al. 2008). For better understanding of the compression mechanism of hydrous 
wadsleyite, we have investigated the room-temperature stability of hydrous wadsleyite up to 61.3 
GPa, which is about three times higher than the pressure of wadsleyite-ringwoodite phase 
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transition at temperatures around 1800 K (Inoue et al. 2006, Kuroda et al. 2000, Suzuki et al. 
2000). At room temperature, no phase change was observed because the kinetic energy is not 
high enough to overcome the barrier for phase transition. 
     The calculated ambient condition unit cell parameters from the third-order Birch-
Murnaghan EoS are: a = 5.675(6) Å, b = 11.592(8) Å, c = 8.258(5) Å, and V = 542.7(8) Å3. 
These values are larger than the ones measured in our lab, as indicated in Figures 3.2 and 3.4 (a) 
– (d). This can be attributed to a systematic difference between the equipment in our lab and that 
at APS. However, the b/a ratio is 2.043(3), which is in good agreement with the ratio value 
measured in our lab.  
    The best-fit parameters (V0, KT0 and K′) from Birch-Murnaghan (B-M) EoS for the 
present study are listed in Table 3.3 together with other reported wadsleyite samples, and the 
ambient isothermal bulk modulus (KT0) vs. water content is plotted in Figure 3.5 for the third-
order B-M EOS. As can be seen, KT0 decreases as water content increases. The linear fitting 
gives the relation as (R2 = 0.9498): 
                               KT0 (GPa) = 171(1) – 12(1) CH2O (wt%)                                      (3.3) 
    Isothermal bulk moduli KT were generally derived from measuring high-pressure unit 
cell volumes in diamond anvil cells by X-ray diffraction, while adiabatic moduli KS were 
determined by elasticity measurements. The relationship between KS and KT  is: 
                                                          KT = KS /(1+αγT)                                                         (3.4) 
Where α is thermal expansion coefficient (Inoue et al. 2004, Ye et al. 2009), γ is Grüneisen 
parameter (Chopelas, 1991), and T is temperature in Kelvin.  
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Table 3.3. Parameters for B-M equation of state, listed in the order of increasing water content.  
 
  H2O            Pmax               V0                KT0               K′ 
  wt%           (GPa)             (Å3)            (GPa) 
   0               10.12         539.26(9)        172(3)          6.3(7)           Hazen et al. (2000) 
   0               14.2                                  170(2)*         4.3(2)           Zha et al. (1997) 
   0                 9.6                                  172(2)*         4.2(1)           Li et al. (1998)+ 
0.005             7.3          538.2(1)          173(5)          4(1)              Holl et al. (2008) 
                                     538.2(1)          174(1)          4.0 
0.38               9.01        539.2(1)          161(4)          5(1)              Holl et al. (2008) 
                                     539.1(2)          165(1)          4.0 
0.84              12                                    160.3(7)*      4.1(1)           Mao et al. (2008b) 
1.18               8.56        539.8(1)          158(4)          4.2(9)           Holl et al. (2008) 
                                     539.8(1)          159.2(8)        4.0              
1.66               9.58        540.6(2)          154(4)          5(1)             Holl et al. (2008) 
                                     540.6(1)          160(1)          4        
2.5                 8.5                                  155(2)          4.3          Yusa and Inoue (1997) 
2.8               61.3          542.6(8)           137(5)         4.5(3)            This study 
                                     541.6(6)         147(2)           4.0   
Note: V0 values are given if they were refined in the references, and some of K′ are  
listed without uncertainties if they were fixed, instead of being refined. 
*: Adiabatic bulk modulus. 
+: The sample is assumed to be anhydrous because no water content was reported, 
the formula is (Mg0.88Fe0.12)2SiO4 
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Figure 3.5. Plot of ambient KT0 vs. water content with linear fitting. The data are from Table 3.3 
by the third-order B-M EOS ((0, 172) is from Hazen et al. (2000), (2.8, 137) is from current 
study, and other data are from Holl et al. (2008)). The errors for KT0 and water content are shown 
as vertical and horizontal error bars, respectively. 
         
             Mean isothermal axial compressibility values of βa, βb and βc from this and previous 
studies are listed in Table 3.4. For the sample in the current study, the mean axial 
compressibility values calculated in the pressure range up to 14.8 GPa are larger than those in 
pressure range up to 6.13 GPa, because the isothermal axial β values will decrease when pressure 
increases. Nevertheless, the general trend shown in Table 3.4 indicates that βa, βb and βc all 
increase with increasing water content.  Ye et al. (2009) also reported based on a single-crystal 
study that hydrous wadsleyite has larger αa, αb and αc than anhydrous one. Protonating the non-
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silicate O1 site will decrease bond strength around the vacant octahedron, resulting in a larger 
compressibility and thermal expansion (Ye et al. 2009). On the other hand, for each sample in 
Table 3.3, βc is generally about 30% to 40% greater than βa and βb, and Zha et al. (1997) and 
Mao (2008a) reported that the longitudinal modulus C33 is smaller than C11 and C22 for their 
wadsleyite samples. In addition, Suzuki et al. (1980), Inoue et al. (2004) and Ye et al. (2009) 
both reported that the thermal expansion along the c axis was greater than those parallel to a and 
b for anhydrous and hydrous samples. Evidences from compressibility and thermal expansion 
indicate that wadsleyite has the most flexibility in c-axis.  
 
Table 3.4. Mean isothermal axial compressibilities of wadsleyite for some of the samples listed 
in Table 3.3, which were measured by static compression.  
     H2O               βa                            βb                              βc 
     wt%       (10-3 GPa-1)    (10-3 GPa-1)     (10-3 GPa-1) 
       0              1.45(2)            1.46(3)            2.00(4)           Hazen et al. (2000) 
   0.005           1.55(4)            1.57(3)            2.22(2)           Holl et al. (2008) 
    0.38            1.66(4)            1.60(3)            2.21(3)           Holl et al. (2008) 
    1.18            1.64(5)            1.78(3)            2.30(3)           Holl et al. (2008) 
    1.64            1.48(9)            1.85(11)          2.21(3)           Holl et al. (2008) 
    2.5              1.67(3)            1.87(3)            2.32(4)           Yusa and Inoue (1997) 
    2.8              1.86(5)            1.83(8)            2.23(7)           This study (to 14.8 GPa) 
    2.8              1.32(5)            1.26(5)            1.52(6)           This study (to 61.3 GPa) 
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3.4. Conclusion 
              Hydrous wadsleyite (β-Mg2SiO4) with 2.8 wt% water content has been synthesized at 15 
GPa and 1250 ºC in a multi-anvil press. The unit cell parameters are: a = 5.6686(8) Å, b = 
11.569(1) Å, c = 8.2449(9) Å,  = 90.14(1)º and V = 540.7(1) Å3, and the space group is I2/m. 
The structure was refined in space groups Imma and I2/m. The room pressure structure differs 
from that of anhydrous wadsleyite principally in the increased cation distances around O1, the 
non-silicate oxygen.  The compression of a single-crystal of this wadsleyite was measured up to 
61.3(7) GPa at room temperature in a diamond anvil cell with neon as pressure-medium by X-ray 
diffraction at Sector 13 at the Advanced Photon Source, Argonne National Laboratory. The 
experimental pressure range was far beyond the wadsleyite-ringwoodite phase-transition 
pressure at 525 km depth (17.5 GPa), while a third-order Birch-Murnaghan equation of state 
(EoS) [V0 = 542.7(8) Å
3, KT0 = 137(5) GPa, K′ = 4.6(3)] still fits the data well. In comparison, 
the second-order fit gives V0 = 542.7(8) Å
3, KT  = 147(2) GPa. The relation between isothermal 
bulk modulus of hydrous wadsleyite KT0 and water content CH2O is summarized as in equation 
(3.4) (up to 2.8 wt% water). The axial-compressibility βc is larger than both βa and βb, consistent 
with previous studies and analogous to the largest coefficient of thermal expansion along the c-
axis.   
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CHAPTER 4 
Structural study of wadsleyite at high temperatures  
4.1. Introduction 
               For a pyrolite-composition mantle (Anderson 2007; Ringwood 1966), wadsleyite 
composes 60 ~ 70 vol.% of the upper transition zone (410 km – 525 km). At 410 km depth, 
olivine transforms to wadsleyite (P ~ 13.5 GPa, T ~ 1673 K), and at 525 km depth, wadsleyite 
transforms to ringwoodite (P ~ 17.5 GPa, T ~ 1790 K). Holl et al. (2008) and Ye et al. (2010) 
outlined the systematic decrease in isothermal bulk modulus (i.e. increasing in compressibility) 
with hydration of wadsleyite.  Ye et al. (2009) reported an increased thermal expansion 
coefficient for hydrous wadsleyite of 1.66 wt% H2O relative to that for anhydrous wadsleyite. In 
order to confirm this result and see if the increased thermal expansion extends systematically to 
higher water contents, we have measured the thermal expansion of a more hydrous wadsleyite 
sample with 2.8 wt% H2O. 
               Smyth et al. (1997), Kudoh and Inoue (1999), Holl et al. (2008) and Ye et al. (2010) 
outlined monoclinic (I2/m) structure of hydrous wadsleyite with β slightly greater than 90º, due 
to non-equivalent vacancy ordering in the M3 octahedra that split into two separate sites in the 
monoclinic structure. In this study, we measure the β angle of hydrous wadsleyite at various 
temperatures and during the dehydration process, and explore the relationship between the β 
angle and M3 occupancies and polyhedral volumes.  
              Smyth (1987, 1994) predicted that wadsleyite could contain up to 3.3 wt% H2O, because 
non-silicate O1 sites are likely sites for protonation. This structure prediction was further 
supported by the 29Si NMR spectroscopic study of Stebbins et al. (2009a, 2009b). In order to 
document structural effects of dehydration, especially for M2 – O1 and M3 – O1 bonds, crystal 
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structure refinements have been carried out at high temperatures for both hydrous and 
dehydrated samples. 
 
4.2. Experimental methods and data 
4.2.1. Unit cell and structure for hydrous sample 
               Synthesis conditions for the hydrous wadsleyite sample were 15 GPa and 1523 K (Ye et 
al., 2010). A single crystal about 110 × 80 × 70 μm3 in size was mounted inside a silica glass 
capillary for unit-cell and internal structure refinement. Experiments were conducted on a Bruker 
P4 four-circle diffractometer with a dual scintillation point detector system. The initial unit-cell 
parameters at room temperature were refined from 70 single-crystal reflections of 21 unique 
reflections (12° < 2θ < 30°): a = 5.6683(12) Å, b = 11.571(3) Å, c = 8.2412(16) Å and V = 
540.46(19) Å3 for orthorhombic (Imma) structure; a = 5.6693(4) Å, b = 11.571(1) Å, c = 
8.2407(5) Å, β = 90.209(3)°, and V = 540.59(7) Å3 for monoclinic structure of I2/m. The refined 
monoclinic unit-cell parameters have smaller errors than the orthorhombic, hence, in the 
following discussion we adopt monoclinic structure for the hydrous wadsleyite. In addition, Ye 
et al. (2010) reported the monoclinic unit-cell parameters of another single-crystal but from the 
same sample source as: a = 5.6686(8) Å, b = 11.569(1) Å, c = 8.2449(5) Å, β = 90.14(1)°, and V 
= 540.7(1) Å3. Also, Holl et al. (2008) reported β angles ranging from 90.09° to 90.16° for 
hydrous wadsleyite samples of 1.66 wt% H2O. The unit-cell parameters from Ye et al. (2010) 
(identical sample source) showed about 0.004 Å larger in c-axis, and about 0.07° smaller in β 
angle, compared with those of this study, while a, b axes and V are quite consistent with the 
current values. Since the b/a ratio of the current sample is the same as that of Ye et al. (2010), we 
assume that the water content in the current study is also 2.8(5) wt% (Jacobsen et al. 2005), 
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indicating chemical formula of Mg1.79H0.42SiO4 for the present hydrous wadsleyite sample. Then 
intensity measurements were carried out on a point-detector diffractometer with about one 
thousand reflections and 2θ up to 65° .  
             A Bruker high-temperature device was mounted on the diffractometer for high-
temperature measurements. The device used two-prong ceramic-coated Pt wire radiant heating 
with an Omega temperature-control unit, and the crystal was centered between the two prongs. 
The temperature calibration was described in detail by Ye et al. (2009). Nine high-temperature 
measurements with intervals of about 50 K were taken up to 736 K. For each temperature step, 
the process at initial ambient condition for unit-cell and internal structure refinements was 
repeated, except that we decreased 2θ scan range to 60°, as the prongs were found to block some 
reflections of high 2θ angles. For measurements at 586 K and 635 K, the internal structure 
became somewhat defective and disordered due to dehydration, the reflection peaks become 
about 50% broader in ω scans. Most of the reflections of large 2θ angle became very weak so we 
reduced the 2θ scan range to 55°. In addition, we were unable to conduct intensity scans at the 
highest temperature (736 K), because of temperature instability over the data collection period.  
 
4.2.2. Repeated procedures for dehydrated sample  
             After heating to 736 K, unit-cell parameters at room temperature were a = 5.6995(3) Å, 
b = 11.4589(8) Å, c = 8.2556 (5) Å, and V = 539.17 (6) Å3 for orthorhombic structure; a = 
5.6994(4) Å, b = 11.4567(9) Å, c = 8.2546 (6) Å, β = 90.014(1)°, and V = 538.94 (6) Å3 for the 
monoclinic structure. The β-angle decreased by about 0.2° compared with the initial cell, and the 
diffraction peaks became sharp again. There was no significant difference between the 
parameters of the orthorhombic and monoclinic unit cells for the dehydrated sample, and both 
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gave b/a ratios of 2.010, indicating that the water content of the dehydrated crystal was 0.16 
wt%.  Hence, we conclude that the hydrous sample lost nearly all water by 736 K, and the 
dehydrated sample was a sufficiently good crystal for further measurement to facilitate 
comparison with the hydrous sample. After dehydration, the crystal was treated as orthorhombic 
(Imma). For the dehydrated sample, we repeated the experiment process with unit-cell parameter 
refinements up to 767 K, and intensity scans up to 705 K.  Fewer reflections were measured for 
each intensity scan than that of monoclinic structure for higher symmetrical space group.   
               The refined unit-cell parameters and intensity collection parameters for the hydrous and 
dehydrated samples are listed in Appendixes 4.1 and 4.2, respectively. While the intensity 
collection experimental parameters are summarized in Table 4.1. The intensity data are used for 
refinements of atom position coordinates, occupancies and anisotropic displacement parameters 
by the program SHELXL-97 (Sheldrick 1997) in the software package WinGX (Farrugia 1999). 
The scattering factors of Mg2+ and Si4+ adopted are from Cromer and Mann (1968), and those of 
O2- are reported by Tokonami (1965). For the I2/m structure, some of the atomic coordinates are 
fixed: for M1 x = y = z = 0; for M2 y = ¼; for M3A x = z = ¼; for M3B x = ¾, z = ¼; for O1 and 
O2 y = ¼.  The refined atomic position coordinates for hydrous and dehydrated samples are 
listed in Appendixes 4.3 and 4.4. The occupancies of O2- ions are fixed to 1 (full), whereas 
cation occupancies should be no greater than 1 due to H+ substitution. The refined cation 
occupancies for hydrous and dehydrated samples are listed in Table 4.2. The occupancies for 
hydrous sample at room temperature give an estimated Mg/Si ratio of 1.84(2), while the 
chemical formula gives a ratio of 1.79, assuming full occupancy for Si. The crystal structures 
were refined using anisotropic displacement parameters, but to simplify the discussion, we only 
listed the equivalent displacement parameters for hydrous and dehydrated samples in 
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Appendixes 4.5 and 4.6. Based on the atomic position coordinates, bond lengths and polyhedral 
volumes were calculated by the software package XTALDRAW (Downs et al. 1993) for both 
hydrous and dehydrated samples, which are listed in Appendixes 4.7 and 4.8.  
 
Table 4.1. Intensitiy data collection parameters for both hydrous and dehydrated samples.  
 
Hydrous:      
   Temp. (K)             303       350        396       443       489       537      586       635        685                              
No. unique total:       951       805       802       804       801       780       628       636       792 
No. unique I >4σ:     702       640       626       630       625       529       405       397       613 
         GooF:             1.334    1.580    1.561    1.718    1.776    1.783    2.524    2.324    1.783  
R1 for I >4σ (%):      4.03      4.20      4.22      4.68      5.16      6.79     10.51    10.11     5.89 
         Rint (%):           1.79      2.71      1.60      2.16      1.70      3.90      4.02      4.76      9.78                          
 Dehydrated: 
  Temp. (K)                303         359         415         471         527        586         645         705                  
No. unique total:        430         433         439         434         433         439         435         434         
No. unique I >4σ:      373         374         376         358         362         374         367         364 
         GooF:              1.835      1.658      1.711      1.596      1.635      1.612      1.705      1.529 
R1 for I >4σ (%):       4.55        4.60        4.55        4.20        4.27        4.70        4.66        4.21 
         Rint (%):            2.98         6.90        6.64        6.21        6.14        6.63        5.51       7.44   
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4.3. Results and discussion 
4.3.1. Unit cell parameters 
              The unit-cell parameters are plotted versus temperature for the hydrous and dehydrated 
samples in Figure 4.1 (a) – (d), together with those of hydrous (1.66 wt% H2O) and anhydrous 
wadsleyite samples from Ye et al. (2009) for comparison. Dehydration of the current sample 
began around 635 K, as seen by the abnormal increase in a and decrease in b around 635 K, 
consistent with dehydration observations by Inoue et al. (2004) and Ye et al. (2009). Ye et al. 
(2009) reported the beginning of dehydration around 655 K for the sample with 1.66% H2O. For 
the both hydrous samples, c axes increase only slightly around the start of dehydration, and 
thereafter increase greatly and significantly. Then for hydrous samples there are ‘stages’ on the c 
– T plots around the beginning point of dehydration. The c axis of current hydrous sample 
increased by 0.0088(8) Å from 489 K to 537 K, 0.0014(10) Å from 537 K to 586 K, and 
0.0082(9) Å from 586 K to 635 K: the ‘stage’ is from 537 to 586 K, just before dehydration. The 
c axis of the hydrous sample from Ye et al. (2009) showed an increase of 0.0065(8) Å from 508 
K to 557 K, 0.0021(10) Å from 557 K to 606 K, 0.0015(9) Å from 606 K to 655 K, and 
0.0081(9) Å from 655 K to 705 K: the ‘stage’ is from 557 K to 655 K, before and after starting 
point of dehydration. In addition, the temperature intervals for Ye et al. (2009) were also about 
50 K. After dehydration, the unit-cell parameters at ambient condition showed 0.53 % and 0.18 
% increases in the a and c-axes, respectively; a 0.97 % and 0.26 % decrease in b axis and V, 
respectively. This is consistent with the relationship of unit-cell parameters to water content 
(Holl et al. 2008). 
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Figure 4.1 (a) – (d). Unit cell parameters of a, b, c and V vs. temperature T, respectively. Solid  
and open square symbols stand for hydrous and dehydrated sample of this study, respectively;  
while solid and open triangle symbols stand for hydrous and anhydrous wadsleyite from Ye et al.  
(2009), respectively. The solid curves are second-order polynomial fitting for both the hydrous  
wadsleyite samples before dehydration; the dash curves are second-order polynomial fitting for  
the dehydrated sample of this study, throughout the experimental temperature-range, and in (b)  
and (c) the dot curves of second-order polynomial are for anhydrous sample of Ye et al. (2009). 
 
            The average axial and volume thermal expansion coefficients (α0) for each sample are 
listed in Table 4.3. For hydrous samples, α0 values are calculated before dehydration. αb, αc and 
αV show a significant systematic increase with water contents. Holl et al. (2008) and Ye et al. 
(2010) reported that the mean isothermal axial and bulk compressibilities βa, βb, βc and βV values 
of wadsleyite also systematically increase with water contents. This is also consistent with a 
systematic decrease in adiabatic bulk modulus, KS0, shear modulus G0, and longitudinal 
components of moduli C11, C22 and C33 as water content increases (Mao et al. 2008a). In 
addition, for each sample, αc is greater than αa and αb, which is also consistent with the order of 
axial compressibilities for wadsleyite (Holl et al. 2008; Ye et al. 2010). 
 
Table 4.3. Average thermal expansion coefficients (α0 10
-6 K) of axes and volume for 
 hydrous and anhydrous wadsleyite samples. 
 
                                α0(a)            α0(b)           α0(c)               α0(V)          Temp. range 
anhydrous          7.6(3)       7.1(3)       14.0(3)      28.5(5)      303 K – 808 K      Ye et al. (2009)  
dehydrated         8.0(3)       7.1(2)      12.9(3)       28.1(8)      303 K – 767 K      This study 
1.66 wt% H2O   8.4(3)      11.0(7)    16.4(10)     35.8(14)     303 K – 606 K      Ye et al. (2009)  
2.8 wt% H2O     8.0(4)      13.1(1)     17.0(1)      38.4(3)       303 K – 586 K       This study 
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             The thermal expansion coefficient is defined in equation (2.1). The data points in Figure 
4.1 (a) – (d) are fit well to a second-order polynomial function (for hydrous samples fitting 
curves are just before dehydration). The dehydrated sample in the current study has almost the 
same a - T and V – T data sets as those of the anhydrous sample in Ye et al. (2009), but a slightly 
larger b - T file and a slightly smaller c – T file. Hence, the anhydrous sample in Ye et al. (2009) 
shares the same fitting curves with the current dehydrated sample in Figures 1 (a) and (d), but 
are fitted separately in Figures 1 (b) and (c). The second-order polynomial fitting indicates that 
the axial and volume thermal expansion coefficients can also be expressed as equation (2.2) for 
linear temperature dependence. The axial and volume a1 and a0 values (indicated in equation 
(2.2)) of each sample are listed in Table 4.4. Some of the a0 values for hydrous samples are 
negative, because the data are fit above room temperature, ignoring the unit-cell parameters at 
lower temperatures. a1 values generally increase as the water content increasing, which means 
that hydration has larger contribution to the thermal expansion at higher temperature.  
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Table 4.4. a1 (10
-8 K-2) and a0 (10
-4 K-1) for temperature-dependent thermal expansion 
coefficients of axes and volume, as indicated in Equation (2.2). for hydrous and anhydrous 
wadsleyite with the same temperature range.   
 
                                                     a                            b                          c                          V 
     Anhydrous            a1             0.7(1)                    0.9(2)                   0.4(1)                   2.4(4)  
                                   a0          0.042(9)                 0.02(1)                 0.12(2)                 0.15(2) 
     Dehydrated            a1            0.9(2)                    0.6(2)                   1.1(2)                   2.8(6)   
                                    a0              0.030(1)                0.040(1)                0.07(1)                 0.13(3) 
     1.66 wt% H2O        a1                1.2(5)                    4.0(6)                   6.8(8)                   5.0(8)  
                                     a0               0.03(1)                 -0.07(2)                -0.12(5)                0.13(6) 
     2.8 wt% H2O          a1                 1.0(7)                    8.2(6)                   7.9(5)                   16(1)   
                                    a0              0.036(6)               -0.22(3)                 -0.12(2)              -0.28(5) 
 
4.3.2. Crystal structure 
              The β-angle of the hydrous sample remained at about 90.2° up to 489 K. At 537 K and 
586 K, β increased significantly to more than 90.4°, however, the residual refinement value R1 
also increased to more than 10 % at 586 K, indicating that the crystal structure became somewhat 
disordered which induced larger uncertainties for the refined atomic position coordinates, 
occupancies and displacement parameters. At 685 K, dehydration was almost complete and β 
decreased to 90.02°, R1 decreased to 5.89 %, and reflection peaks became sharp again.  
             According to Deon et al. (2010), M3 sites are preferable cation sites for H+ substitution, 
and the calculated occupancy should be 0.79 for the current hydrous Fo100 wadsleyite with 2.8 
wt% H2O. In Table 4.2, M1, M2 and Si sites remained fully occupied throughout the 
temperature range for the hydrous sample, and the occupancies of M3A and M3B ranged mostly 
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0.73 ~ 0.79 and 0.82 ~ 0.85, respectively, till 635 K, whereas at 685 K, these occupancies 
increased to 1.00 after dehydration. And for the dehydrated sample, the occupancies at M3 site 
were close to one at various temperatures, as well as those of the other cation sites. These results 
also imply that the Mg/Si ratio in wadsleyite phase might increase after dehydration, possibly 
nucleating a second phase of lower Mg/Si ratio such as pyroxene, quartz, or stishovite. However, 
the diffraction images for the dehydrated sample from the Bruker CCD area detector showed no 
extra reflections or powder diffraction rings that might indicate the presence of other crystalline 
phases. All the reflection ‘spots’ could be indexed well as single-crystal reflections from the 
wadsleyite phase. Hence, the presence of other crystalline phases could not be detected by the 
experimental method of X-ray diffraction here.           
              The β angles, M3 occupancies and polyhedral volumes for several hydrous wadsleyite 
samples (monoclinic structure) are listed in Table 4.5. The sample from Ye et al. (2010) was 
from the same capsule source as the current sample with identical water content, but had a 
smaller β angle, which could be attributed to the smaller difference between M3A and M3B 
volumes from Ye et al. (2010). Also, there was no significant difference between the 
occupancies of M3A and M3B for the sample from Ye et al. (2010). Table 4.5 shows the general 
trend that a larger difference between occupancies of M3A and M3B sites induces a greater 
difference between non-equivalent M3 volumes, and as a result, β increases. This experimental 
evidence supports the hypothesis that non-equivalent distribution of vacancies at M3A and M3B 
sites is correlated with the decrease of symmetry of hydrous wadsleyite as a function of 
hydrogen content, upon quenching (Kudoh and Inoue 1999; Holl et al. 2008; Smyth et al. 1997). 
In addition, in identical samples, non-equivalent M3 sites generally have larger polyhedral 
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volumes and smaller occupancies, i.e. more H+ substitution regardless of whether it is M3A or 
M3B.  
 
Table 4.5. Contrast and comparison of M3 sites occupancies, polyhedral volumes and β for 
several hydrous wadsleyite samples. (@: Holl et al. 2008; #: Kudoh and Inoue 1999; $: Ye et al. 
2010; &: this study; *: Joseph et al. 1997 of Fo95, while other samples are Fo100). 
 
H2O content  (wt%)      1.66
@            1.8#            2.3*            2.8$              2.8&             3.3# 
M3A occup. (%)           87.1(2)         88(2)         83(2)         80.5(4)         77.3(6)         76(2) 
      Poly. V  (Å3)         12.096(8)     12.02(1)    12.17(1)    12.110(1)      12.14(1)      12.19(1) 
M3B occup. (%)           85.7(2)         84(1)         90(2)         80.3(3)         81.9(6)         76(1) 
      Poly. V   (Å3)       12.123(8)      12.07(1)    12.02(1)    12.100(1)      12.08(1)     12.21(1) 
V difference (Å3)        0.027(8)        0.05(1)      0.15(1)      0.010(1)        0.06(1)       0.02(1) 
          β (º)                     90.09(1)       90.21(1)    90.40(1)     90.14(1)      90.209(3)    90.09(4) 
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             For both hydrous and dehydrated samples, the calculated Mg – O bond lengths are 
plotted versus temperature in Figure 4.2 (a) – (d). The most significant changes after 
dehydration are that M2 – O1 and M3 – O1 bonds decrease by 3 % and 2.5 %, respectively, as 
indicated by Figure 4.2 (a), where M2 – O1 and M3 – O1 bonds are connected by solid and 
dotted lines, respectively. For other M – O bonds after dehydration: M1 – O3 and M1 – O4 
bonds decrease by 0.2 %, respectively (Figure 4.2 (b)); M2 – O4 bonds increase by 0.7 %, and 
M2 – O3 decrease by 0.4 % (Figure 4.2 (c)); M3 – O3 and M3 – O4 bonds increase by 1 %, 
respectively (Figure 4.2 (d));.  Non-silicate O1 atoms are sites of protonation (Smyth 1987, 
1994), and Holl et al. (2008) also reported a significant and systematic increase in M2 – O1 and 
M3 – O1 bond length with increasing water content. Hence, it is reasonable for bonds around O1 
to shrink after dehydration.  
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Figure 4.2 (a) – (d). Plots of M – O bonds’ lengths vs. T of this study, with vertical error bars for 
the uncertainties of lengths. All solid symbols are for hydrous sample, and open symbols are for 
dehydrated sample. 
 
              MgO6 octahedral volumes are plotted versus temperature in Figure 4.3. For the hydrous 
sample, MgO6 octahedral volumes vs. T are fitted to 489 K, because of the defect structure at 
temperatures above 489 K. The calculated α0(V) values are 36(4), 41(4), 49(5) and 35(4) (10
-6 K-
1) for M1, M2, M3A and M3B, respectively, for the hydrous sample up to 489 K; 35(5), 34(4) 
and 36(2) (10-6 K-1) for M1, M2 and M3, respectively, for the dehydrated sample up to 705 K. 
Based on the linear fittings, V(M1) and V(M2) shrink about 1% and 0.6%, respectively, after 
dehydration, which is consistent with the size order of MgO6 octahedral volumes as functions of 
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water content, reported by Holl et al. (2008). Dehydrated V(M3) is about 1% smaller than 
V(M3A), but identical with V(M3B). 
 
 
Figure 4.3. Plots of MgO6 octahedral volumes vs. T, with vertical error bars for uncertainties of 
poly-volumes (diamond: M1; square: M2; up triangle: M3A or M3; down triangle: M3B). Solid 
symbols are for hydrous sample with solid fitting curves (303 K – 489 K), and open symbols are 
for dehydrated sample with dot fitting lines. The fitting for M3A and M3B are second-order 
polynomial, while others are linear fitting. 
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              In addition, SiO4 tetrahedral volumes vs. temperature are plotted in Figure 4.4 for both 
hydrous and dehydrated samples. They do not show significant expansion at high temperatures, 
due to the strong Si – O bond connection. And the dehydrated V(Si) is about  7% smaller than the 
hydrous one, anyway, such difference is comparable to the uncertainties. 
Figure 4.4. Plots of SiO4 tetrahedral volumes vs. T for both hydrous and dehydrated sample of 
this study. The vertical error bars are for uncertainties of poly-volumes.   
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4.3.3. Implications for the 410 km discontinuity 
           The average thermal expansion coefficients for both anhydrous and hydrous wadsleyite 
are listed in Table 4.2. Holl et al. (2008) reported KT0 (isothermal bulk modulus at ambient 
pressure) values of 173(5) GPa and 160(1) GPa for anhydrous and 1.66 wt% H2O wadsleyite 
samples, respectively, with K’ = 4, whereas Ye et al. (2010) report KT0 = 137(5) GPa, K’ = 4.5 
for hydrous wadsleyite with 2.8 wt% H2O. The calculated ambient densities for anhydrous, 1.66 
wt% H2O, 2.8 wt% H2O wadsleyite samples are (g/cm
3) 3.454, 3.376 (Ye et al. 2009) and 3.328 
(this study), respectively. Li et al. (1998) reported (dKS/dT)P of -1.2 × 10
-2 GPa/K for anhydrous 
wadsleyite, and we assume the same value for hydrous samples. In addition, Couvy et al. (2010) 
reported that forsterite had ρ = 3.202 g/cm3, KT0 = 129(3) GPa, K’ = 3.88, (dK/dT) = -1.1 × 10
-2 
GPa/K, and Ye et al. (2009) reported an α0 value of 36.4 × 10
-6 K-1 for anhydrous forsterite.  
              The bulk sound velocity is calculated from adiabatic bulk modulus and density in 
equation (4.1): 
                                                  VΦ(P, T) = [KS(P, T) / ρ(P, T)]
1/2                                        (4.1) 
The relationship between adiabatic and isothermal bulk compressibilities is decribed in equation 
(3.4). Then, the density ρ(P, T) and adiabatic bulk modulus KS(P, T) at high temperature and 
high pressure can be expressed in equations (4.2) and (4.3) respectively: 
                                            ρ(P, T) = ρ0 × (1 + P / KT  – α(T – T0))                                      (4.2) 
                               KS(P, T) = KS0 + (əKS / əP)T  × P + (əKS / əT)P × (T – T0)                    (4.3) 
where ρ0 is the density at ambient condition, T0 is room temperature of 300 K, and room pressure 
is approximated as 0 GPa.  
              Based on equations (4.1) – (4.3), and the temperature and pressure from PREM 
(Dziewonski and Anderson, 1981), we calculated the bulk sound velocities of olivine and 
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wadsleyite samples of various water contents at depths in upper mantle and upper transition 
zone, respectively. The densities and bulk sound velocities vs. depth are plotted in Figure 4.5 (a) 
and (b), respectively. Since forsterite may contain water up  to 0.9 wt% (Smyth et al. 2006), 
much less than wadsleyite, we assume anhydrous conditions for forsterite in the upper mantle 
and 410 km depth in this discussion. The density and bulk sound velocity profiles decrease 
systematically as water contents increase. Figure 4.5 (b) indicates a bulk sound speed contrast 
(VΦβ - VΦα) / VΦα of 8.2 %, 6.6 % and 2.7 % for anhydrous, 1.66 wt% H2O and 2.8 wt% H2O 
wadsleyite samples, respectively, at 410 km discontinuity.  
200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
3.2
3.3
3.4
3.5
3.6
 
 
 (
g
/c
m
3
)
depth (km)
 anhydrous wadsleyite
 1.66 wt% H
2
O wadsleyite
 2.8 wt% H
2
O wadsleyite
 forsterite
410 km
(a)
68 
 
  
 
Figure 4.5 (a) and (b). Density and bulk sound velocity, respectively, as functions of depth in 
upper mantle and transition, for various wadsleyite samples and forsterite. 
 
             According to a pyrolite mantle composition model, olivine plus wadsleyite compose 
about 60 vol.% in upper mantle and upper transition zone. Hence, the bulk velocity contrast vs. 
water content from the current study is plotted in Figure 4.6, compared with those of Inoue et al. 
(2004) and Mao et al. (2008b), assuming 60 vol%. Kennett et al. (1995) and Gaherty et al. (1996) 
report a bulk sound velocity contrast of 3 ~ 5 % at 410-km discontinuity from seismic studies. 
The upper limit of 5 % is quite consistent with contrast of anhydrous condition of this study, 
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whereas the lower limit of 3 % corresponds to 2.2 wt % H2O for current study, and 1.2 wt% H2O 
for Mao et al. (2008b). On the other hand, Benz and Vidale (1993) and Nolet et al. (1994) 
reported 4.6 % contrast from seismological studies, which corresponds to about 1.1 wt% H2O for 
current study, 1.5 wt% H2O for Inoue et al. (2004), and about 0.4 wt% H2O for Mao et al. 
(2008b). Although different studies give different water contents (ranges) for 410-km 
discontinuity, all are qualitatively consistent with significant water contents in upper mantle and 
transition zone, whereas the bulk sound velocity contrast at anhydrous conditions would be 
larger than those indicated by seismic studies.  
Figure 4.6. Plots of bulk sound velocity contrast at 410-km discontinuity as functions of water 
content (P = 13.5 GPa and T = 1673 K). Solid square and solid fitting curve: current study; open 
square and dash line: Inoue et al. (2004); open diamond and dot line: Mao et al. (2008b); and the 
horizontal dash-dot line represent 4.6 % velocity contrast.   
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4.4. Conclusion 
            The coherent dehydration of pure-Mg wadsleyite has been investigated by single-crystal 
X-ray diffraction at high temperature and room pressure.  Hydrous wadsleyite with 2.8 wt% H2O 
has monoclinic unit-cell parameters of a = 5.6693(4) Å, b = 11.571(1) Å, c = 8.2407(5) Å, β = 
90.209(3)°, and V = 540.59(7) Å3. Dehydration begins at 635 K with an abrupt increase in the a-
axis and decrease in b. After dehydration is complete, the dehydrated sample is orthorhombic 
with a = 5.6995(3) Å, b = 11.4589(8) Å, c = 8.2556(5) Å, and V = 539.17(6) Å3 at ambient 
conditions. Atom position and displacement parameters have been refined for both hydrous and 
dehydrated wadsleyite samples from intensity measurements conducted at high temperatures. 
The most significant changes during dehydration are systematic decreases in M2 – O1 and M3 – 
O1 bond lengths. After dehydration, M2 – O1 and M3 – O1 bonds decrease by 3 % and 2.5 %, 
respectively. While the length changes of the other M – O bonds are no more than 1 %, 
consistent with the hydration mechanism being protonation of O1.  For the monoclinic structure 
the average thermal expansion coefficient is 38.4(3) × 10-6 K-1 before dehydration and 28.1(8) x 
10-6 K-1for the dehydrated sample. The volumetric thermal expansion coefficients for MgO6 
octahedra in the hydrous sample, α0(V), are 36(4), 41(4), 49(5) and 35(4) (10
-6 K-1) for M1, M2, 
M3A and M3B, respectively. In the dehydrated sample they are 35(5), 34(4) and 36(2) (10-6 K-1) 
for M1, M2 and M3, respectively. No significant thermal expansion is observed for SiO4 
tetrahedra of either the hydrous or dehydrated sample.  
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CHAPTER 5 
Compressibility and thermal expansion of hydrous ringwoodite  
5.1. Introduction 
               For a pyrolite-model upper mantle composition (Anderson 2007; Ringwood 1966), 
ringwoodite-(Mg, Fe)2SiO4 dominates the mineralogy of the lower transition zone from 525 to 
660 km depth. At 525 km depth, wadsleyite transforms to ringwoodite at about 1790 K, whereas 
at 660 km depth, ringwoodite breaks down into perovskite plus periclase plus ferropericlase (Mg, 
Fe)O at about 1873 K (e.g. Ito et al. 1989).  Ringwoodite has the cubic spinel structure (Fd3m), 
with Mg in the octahedral site, and Si in the tetrahedral site, with little or no site disorder at 300 
K as supported by the 29Si NMR study of Stebbins et al. (2009a). The most hydrous ringwoodite   
could contain up to about 3 wt% H2O (e.g. Kohlstedt et al. 1996), and 
29Si NMR spectroscopic 
study by Stebbins et al. (2009b) demonstrated that most of H+ substitution occurs at the Mg site, 
whereas the presence of  short Si-H distance indicated a significant, although minor amount of 
Si-OH (silanol) groups.   
             Hydration increases the molar volume of ringwoodite (e.g. Inoue et al. 1998; Smyth et 
al. 2003) and therefore also its thermal expansivity (Ye et al. 2009) and compressibility (e.g. 
Yusa et al. 2000; Smyth et al. 2004), and significantly reduces its elastic moduli (e.g. Inoue et al. 
1998; Wang et al. 2003 & 2006; Jacobsen et al. 2004; Jacobsen and Smyth 2006). However, the 
relationship between H2O content and its influence on various physical properties important to 
geophysical research relies on precise determination of H2O concentrations in the crystal lattice, 
which have suffered from the absence of an absolute spectroscopic calibration for water content. 
The increasing amount of SIMS data for Mg-ringwoodite samples justifies an updated 
compilation following Smyth et al. (2003) of systematic lattice hydration data presented here. 
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   Manghnani et al. (2005) reported the compressibility of hydrous iron-bearing 
ringwoodite (0.79 wt% H2O) by powder XRD in the diamond anvil cell up to 45 GPa at room 
temperature and observed no phase changes. Yusa et al. (2000) carried out a high-pressure study 
of hydrous Mg-pure ringwoodite (2.8 wt% H2O) up to 6 GPa. In addition, Smyth et al. (2004) 
and Ganskow et al. (2010) also presented isothermal compressibility studies for hydrous iron-
bearing ringwoodite samples (less than 1 wt% H2O). Elasticity studies at pressures were reported 
for both anhydrous ringwoodite (Sinogeikin et al. 2003; Li, 2003) and hydrous ringwoodite 
(Jacobsen et al. 2004; Jacobsen and Smyth 2006; Wang et al. 2006). These studies consistently 
report that hydration significantly decreases both isothermal and adiabatic bulk moduli, but 
increases K’. For our current sample with up to 2.5(3) wt% H2O, high-pressure experiments of 
both single-crystal and powder XRD are conducted, and the compressibility results are compared 
with literature values, and the effect of hydration on density and seismic velocities are evaluated.  
 In addition to nano-SIMS data on the current sample containing 2.5(3) wt% H2O, we 
report new SIMS data for two previous samples (ringby2 and ringby4) from the study of Smyth 
et al. (2003), containing 0.8(2) and 0.16(5) wt% H2O, respectively. Analysis of these data along 
with other studies using SIMS water contents, we construct a volume-hydration dataset wherein 
up to about 2wt% the Mg2+ = 2H+ substitution mechanism is dominant. A discontinuity in the 
volume-hydration curve at about 2 wt% suggests that at higher water content, the Si4+ = 4H+ and 
possibly Mg2+ +2H+ = Si4+ become important, consistent with recent theoretical work of Panero 
et al. (2010).   
   Ye et al. (2009) reported a disequilibrium irreversible expansion for this hydrous 
ringwoodite sample starting at 606 K, which is different from observation that hydrous 
ringwoodite powder begins to dehydrate at 723 K (Inoue et al. 2004). This irreversible expansion 
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affects unit-cell volumes measured at ambient conditions after heating. In order to understand the 
internal structure change during irreversible expansion observed in hydrous samples, we have 
conducted intensity scans and refined structure parameters for the hydrous ringwoodite.  
 
5.2. Experiments 
5.2.1. Sample synthesis and characterization  
              The sample of hydrous ringwoodite was synthesized using the 5000-ton press at 
Bayerisches Geoinstitut, Universität Bayreuth, Germany (Run# SZ0820). A 2-mm welded Pt 
capsule with 0.2mm wall thickness was used in an 18/8 assembly (18mm MgO octahedron 
compressed using carbide anvils with 8mm corner truncations). The synthesis conditions were 20 
GPa and 1523 K with a heating duration of 3.5 h. The starting material was synthetic forsterite 
with added brucite and silica (quartz) to make a composition with about 2.8 wt% H2O. Only 
ringwoodite was identified in the synthesized material. 
              A single-crystal of the material designated “SZ0820T” approximately 100 m in 
average dimension was selected for room P-T XRD, Raman, FTIR, and nano-SIMS 
measurements. The unit cell volume from single-crystal XRD of SZ0820T was V0 = 527.97(7) 
Å3. Raman and FTIR spectra of sample SZ0820T are shown in Figure 5.1 for characterization 
purposes. Whereas the water content of ringwoodite SZ0820T from FTIR using the calibration of 
Libowitzky and Rossman (1997) gives 1.6 wt% H2O, using a molar absorption coefficient of 100 
000 L/mol(H2O)/cm
-2 determined by Koch-Müller and Rhede (2010), we obtain a value of 2.3 
wt% H2O, in good agreement with estimates of 2.5(6) wt% H2O from the lattice parameter 
(Smyth et al. 2003). 
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Figure 5.1. (A) Raman & (B) FTIR spectra of ringwoodite SZ0820T used in the current study.  
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We took the same crystal SZ0820T to Carnegie Institution of Washington for nano-SIMS 
analysis on the Cameca NanoSIMS 50L at the Department of Terrestrial Magnetism (DTM). 
SIMS measurements were made with a 1 nA Cs+ primary beam sputtering a crater 7 × 7 μm2, 
and beam blanking was employed to restrict the data collection from the central 2.6 × 2.6 μm2 
area in the center of the sputtered crater. In SZ0820T, seven different probe points from rim-to-
rim gave an average water content of 2.66(4) wt% H2O. Two spots with anomalously high water 
content were coincided with cracks in the crystal, and from the remaining five points we obtain a 
value of 2.5(3) wt% H2O, used in this study.  In addition to SZ0820, we also measured two other 
hydrous Mg-Ringwoodite crystals (from a previous study) at DTM on the 6F SIMS instrument; 
ringby 2 and ringby4 from the study of Smyth et al. (2004). A crystal from each of those runs 
was analyzed and from two data points each we obtained a water content of 0.16(5) wt% H2O 
for ringby4 and for ringby2 we obtained a water content of 0.76(20) wt% H2O.  
 The volume of hydration of Mg-ringwoodites are summarized in Table 5.1 and Figure 
5.2. Table 5.1 includes SIMS water content data exclusively, and also only single-crystal 
volume-hydration data (with the exception of Yusa et al. 2000) and discussed in the following 
section. Using only carefully selected single-crystal data and SIMS water contents, we produce a 
systematic dataset from which to study the change in volume (Figure 5.2), Mg/Si (Figure 5.3), 
and density (Figure 5.4) of ringwoodite. The numbered data points correspond to references 
numbered in Table 5.1.  
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Table 5.1. Lattice hydration data for Mg-ringwoodite samples, including H2O contents from 
SIMS measurements, Mg/Si ratios from microprobe analyses, and unit-cell volumes from X-ray 
diffraction. 
 
wt% H2O Mg/Si H pfu
† V0 (Å
3) 0 (g/cm
3) Reference 
0 2.00 0.000 524.56 3.563 (1)‡ Sasaki et al. (1982) 
0.16(5)* 1.98 0.025 524.25(7) 3.558 (2) Smyth et al. (2003) 
      Sample ringby4 
0.200(4) 1.97 0.031 524.60(10) 3.552 (3) Kudoh et al. (2007) 
0.76(2)* 1.96 0.118 525.21(11) 3.527 (4) Smyth et al. (2003) 
      Sample ringby2 
2.0(2) 1.94 0.306 526.41(9) 3.476 (5) Kudoh et al. (2000) 
2.2(2) 1.95 0.336 527.24(3) 3.466 (6) Inoue et al. (1998) 
2.3(1) 1.88 0.356 530.10(1.2) 3.434 (7) Wang et al. (2006) 
2.5(3)* 1.90** 0.380 527.97(7) 3.445 (8) This Study 
      Sample SZ0820 
2.8(2) 1.88 0.424 529.14(24) 3.425 (9) Yusa et al. (2000) 
*These SIMS water contents determined in this study. 
†Hydrogen atoms per formula unit: calculated assuming Mg2+ = 2H+, balanced by Si4+=4H+ or 
Mg2++H+=Si4+. 
‡Numbers in parentheses refer to data points plotted in Figures 5.1-5.3. 
**Determined from the trend in Figure 5.2. 
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Figure 5.2. Volume of Mg-ringwoodite crystals as a function of water content determined by 
SIMS. Numbered data points correspond to references in Table 1. Fitted curves to the data below 
and above 2 wt% H2O are shown by dashed lines with slopes 0.96(5) and 3.3(2), respectively. 
Solid lines show predicted volume trends for various hydration mechanism calculated by LDA 
from Panerao (2010).  
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Figure 5.3. Plot of the Mg/Si ratio (from microprobe analysis) against SIMS water contents from 
the data presented Table 5.1.  
 
 
Figure 5.4. Variation of density with water content from the references presented in Table 5.1.  
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5.2.2. High-pressure single-crystal and powder XRD  
               High-pressure single-crystal XRD-measurements for this sample were carried out at 
GSECARS beamline 13 BM-D, Advanced Photon Source (APS), Argonne National Laboratory. 
The size of the single crystal for the high-pressure measurement was about 45 × 40 × 30 μm3. 
We used a symmetric piston-cylinder type diamond anvil cell (DAC) with 300 μm culets and a 
rhenium gasket pre-indented to 50 μm, with a 150 μm diameter hole drilled through the center. 
The DAC was loaded with neon as pressure-medium using the COMPRES/GSECARS gas-
loading system (Rivers et al. 2008). The pressure inside the cell was about 1.28 GPa after closing 
DAC, with the gasket-hole diameter shrunk by about one-third. Monochromatic synchrotron 
radiation (λ = 0.3344 Å) was used to collect diffraction patterns on a MAR345 image plate. The 
single-crystal diffraction data collection at each pressure took 6 to 8 minutes with omega rotation 
from +25º to -25º. To obtain the orientation matrix at the initial pressure of 1.3 GPa, an omega 
step-scan was performed with the rotation size of 1º per minute for one image. In total, 50 
images were collected to calculate omega angles for each reflection and the orientation matrix, as 
well as unit-cell parameters. This orientation matrix was used as a first approximation to index 
peaks in images collected at subsequent pressures. An annealed ruby sphere placed in the sample 
chamber along with the sample served as pressure marker. Pressure was determined by the shift 
of R1 fluorescence (Mao et al. 1986). The crystal fractured between the two diamond-anvils at 
about 29 GPa. 
 The diffraction patterns at 1.3 GPa, 6.7 GPa, 11.2 GPa and 14.8 GPa are shown in 
Figures 5.5 (a) - (d), created with software package GSE-ADA (Dera 2007a). Reflections from 
single-crystal hydrous ringwoodite appear as sharp spots in the diffraction patterns. Reflections 
of neon appear from the step of 6.7 GPa, which occur as sharp spots at 6.7 GPa and 8.9 GPa, 
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while occurring as short ‘streaks’ at higher pressures above 8.9 GPa. For steps above 6 GPa, 
pressure was calculated from neon reflections by the equation of states from Fei et al. (2007) and 
Dorogokupets and Dewaele (2007). For each step, at least 30 reflection spots from hydrous 
ringwoodite were used to refine the unit-cell parameters by software packages of GSE-ADA 
(Dera 2007a) and RSV (Dera 2007b). Both the pressure values from ruby and neon are listed in 
Appendix 5.1, as well as the unit-cell parameters of hydrous ringwoodite. For subsequent 
discussion, we would adopt Pruby for the first five pressure steps, and Pneon for the other steps of 
higher pressures, while such values are marked in bold in Appendix 5.1.  
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Figure 5.5 (a) – (d). The reflection patterns at 1.3 GPa, 6.7 GPa, 11.2 GPa and 14.8 GPa 
respectively. The reflection ‘spots’ from single crystal of hydrous ringwoodite are marked in 
boxes, while the unmarked but very strong ‘spots’ are from diamond reflections. Neon 
reflections could be clearly identified as ‘streaks’ in the patterns at 11.2 GPa and 14.8 GPa. 
 
 
               High-pressure powder XRD was collected at HP-CAT 16ID-B (λ = 0.3680 Å) on a 
MAR-CCD-x-ray detector and converted to 1D pattern using Fit2D (Hammersley et al. 1996). A 
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single crystal was selected for optical clarity (no stishovite evident) and crushed gently between 
glass slides to avoid amorphization, and each sample loaded independently with Re gaskets in 
Ne at the GSECARS gas loading system (Rivers et al. 2008).  Reported pressures are from the 
quasi-hydrostatic ruby fluorescence scale, calibrated using a He medium (Jacobsen et al. 2008).  
Pressures from the quasi-hydrostatic ruby fluorescence scale are similar to a stiffer argon 
pressure medium calibration (Mao et al. 1986) for the pressure range of the experiment, differing 
by less than 1.5% at 22 GPa.  The consequences on the inferred equation of state are minor, with 
less than 1% difference in the bulk modulus for fixed K’.  Pressures are also indistinguishable 
from neon diffraction where available (Hemley et al. 1989).  Diffraction was collected in about 1 
GPa steps upon compression to 19.4 GPa.  Three to five diffraction patterns were collected at 
each pressure to monitor any development in pressure gradients and non-hydrostacity. The unit-
cell parameters vs. pressures by powder diffraction are listed in Appendix 5.2.  
 
5.2.3. X-ray diffraction for thermal expansion 
            The X-ray data of the sample at various temperatures were collected on a Bruker P4 four-
circle diffractometer with a dual scintillation point detector system, and the size of the crystal 
was about 100 × 85 × 70 μm3. The temperature range was from 143 K to 736 K: low-temperature 
experiments were controlled by an LT-2A controller using N2 gas stream, while high-
temperature measurements were conducted on a Bruker high-temperature device using two-
prong ceramic-coated Pt wire radiant heating with an Omega temperature-control unit. See Ye et 
al. (2009) for details of the temperature calibration.  
             For each temperature step, the point detector system was first used to refine the unit cell 
parameters from 48 equivalent reflections of 6 unique reflections: (220), (311), (400), (422), 
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(511) and (440). Subsequently, intensity scans were carried out on the point system to refine the 
internal structure. It took about 4 hours for one whole scan, and 2-theta scan range was set to 
about 60º. In total, more than 300 reflections (51 unique reflections) were measured, except for 
48 unique reflections at 489 K step and 53 unique reflections at 736 K step. Ye et al. (2009) 
reported the irreversible thermal expansion started at 606 K, and then the same processes of 
measurements were utilized to refine unit-cell parameters and internal structures at room 
temperature after heating to 635 K, 685 K and 736 K, individually.  
            Refinements of atom positions and anisotropic displacement parameters were done using 
the program SHELXL-97 (Sheldrick 1997) in the software package WinGX (Farrugia 1999). We 
used scattering factors of Mg2+ and Si4+ cations from Cromer and Mann (1968), and those of O2- 
anion by Tokonami (1965).  In the refinements, Mg and Si cations are fixed at special positions 
of (½, ½, ½) and (1/8, 1/8, 1/8), respectively, and for the O anion: x = y = z. The occupancy of O 
was set to 1 (full), while the occupancies of Mg and Si (less than 1) were refined. Atom 
displacement parameters were refined anisotropically with U11 = U22 = U33 = Uii, U12 = U13 = U23 
= Uij for cubic structure ( Uij << Uii and Ueq = Uii). The total numbers of reflections observed, 
R1, unit-cell parameters, fractional O coordinate (Xox) and occupancies are listed in Table 5.2, 
atomic anisotropic displacement parameters are listed in Appendix 5.3, and the bond lengths and 
polyhedral volumes calculated using XtalDraw (Downs et al. 1993) are listed in Appendix 5.4.  
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Table 5.2. Number of reflections, unit-cell parameters and the occupancies of cations at different 
temperatures. 
 
                          T (K)     Total     R1 (%) & uniq. #      a (Å)          V (Å
3)          Xox              Mg              Si      
                                        refls.     (Fo > 4sig(Fo))*                                                                 occup.         occup. 
  143       276         4.05 & 47           8.0746(6)     526.46(7)     0.2437(2)      0.98(2)      1.00(3) 
193       277         2.05 & 47           8.0756(6)     526.65(7)     0.2438(1)      0.97(2)      1.00(2) 
  243       276         1.80 & 46           8.0777(5)     527.06(6)     0.2438(1)      0.96(1)      0.98(2) 
  303       277         1.46 & 46           8.0816(4)     527.82(5)     0.2438(1)      0.95(1)      0.99(2) 
  350       274         2.77 & 43           8.0860(7)     528.69(7)     0.2437(2)      0.95(2)      1.00(2) 
  396       276         2.81 & 45           8.0889(5)     529.25(5)     0.2437(2)      0.96(2)      1.00(2) 
  443       277         2.35 & 45           8.0931(5)     530.08(6)     0.2438(2)      0.95(2)      1.00(2) 
  489       260         3.32 & 44           8.0976(5)     530.96(5)     0.2438(2)      0.96(2)      0.98(2) 
  537       275         3.32 & 43           8.1030(5)     532.04(6)     0.2437(2)      0.96(2)      1.00(2) 
  586       276         2.95 & 45           8.1084(7)     533.09(8)     0.2436(2)      0.94(2)      0.98(2) 
  635       273         4.39 & 47           8.1164(7)     534.68(8)     0.2437(2)      0.92(2)      0.95(2)  
  685       272         3.32 & 42          8.1279(8)     536.96(9)     0.2438(2)      0.94(2)      0.95(2) 
  736       288         4.12 & 45          8.1430(8)     539.94(9)     0.2438(2)      0.92(2)      0.93(2) 
RT(635)#  273       2.45 & 46          8.0947(4)     530.41(5)     0.2440(2)      0.94(2)      0.96(2)  
RT(685)   272       3.08 & 46          8.1031(4)     532.05(5)     0.2440(2)      0.93(2)      0.94(2) 
RT(736)   271       4.33 & 44          8.1115(4)     533.70(4)     0.2442(2)      0.92(2)      0.91(2) 
*: R1 is the percentage for Fo > 4sig(Fo) with corresponding number of unique reflections listed 
behind ‘/’. 
#: Measurement taken at room temperature after heating to 635 K.  
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5.3. Results and discussion 
5.3.1. Volume hydration systematics 
 Panero (2010) reported a theoretical study of hydration mechanisms in ringwoodite. In 
addition to the unit-cell volumes and water contents, Figure 5.2 also shows the LDA-predicted 
volume-hydration trends for the three possible hydration mechanism in ringwoodite. The 
anhydrous reference volume chosen in this study was from Sasaki et al. (1982), chosen because 
it was single-crystal and because their sample showed the smallest volume among other reported 
anhydrous studies (e.g. Inoue et al. 2004; Jackson et al. 2000; Katsura et al. 2004; Akoagi et al. 
1989). Relative to Sasaki et al. (1982), only the hydrous sample ringby4 from the study of Smyth 
et al. (2003) showed a smaller unit-cell volume, suggesting that there is a possible decrease in 
volume for very low water contents of a few thousand ppm wt H2O. The next hydrous sample, 
containing about 0.2 wt% H2O from Kudoh et al. (2007) has a similar value to that anhdryous 
reference reported by Sasaki et al. (1982). At all higher water contents, the lattice-volume 
increases significantly. The possibility of a negative volume change at very low H2O contents 
should be tested systematically by a suite of very low-H content ringwoodites measured by the 
same techniques and methods. 
 Between anhydrous samples and about 2 wt%, a single linear trend with a slope of 
0.96(5) Å3/CH2O (where CH2O is the water concentration in wt% H2O) was fitted (Figure 5.2) 
that lies close to that predicted by LDA for Mg2+ = 2H+ by Panero (2010). A second linear trend 
with slope of 3.3(2) Å3/CH2O was fitted to data with water contents above 2wt% H2O (Points 5, 6, 
8, and 9 in Figure 5.2), excluding the outlier (Point 7) from Wang et al. (2006), which we 
speculate contains a signifincatly higher concentration of defects other than Mg2+ = 2H+ (or has a 
higher water content that reported). 
86 
 
  
 
 Combining only SIMS water contents and Mg/Si ratios from electron microprobe data 
form the literature, a plot of that relationship is shown in Figure 5.3 and was used to estmate the 
Mg/Si ratio of the current sample, SZ0820, with Mg/Si = 1.9. The fitted trend to existing data 
(excluding SZ0820) shows a slope of about -0.039(7) Mg/Si per wt% H2O, in excellent 
agreement with the GGA thermodynamic model of Panero (2010).   
 Using the literature data in Table 5.1 and new SIMS data for ringby2, ringby4, and 
SZ0820 we fit a single linear trend to the density of ringwoodite as a function of water content in 
Figure 5.4. The combined fitted eqation is  
                             = 3.564(5) – 0.049(3)CH2O   (in g/cm
3)                                    (5.1)               
 
5.3.2. Compressibilities and seismic velocities   
              The third-order Birch-Murnaghan equation of state (B-M EOS) fitting using the 
program EOSFIT 5.2 (Angel 2001) give values of V0 = 529.5(5) Å
3, KT0 = 159(7) GPa, K’ = 
6.7(7) for single-crystal XRD; V0 = 528.1(1) Å
3, KT0 = 161(4) GPa, K’ = 5.4(6) for powder 
XRD. The calculated V0 for single-crystal is larger than that for powder, and also 3.2 % larger 
than the value of 527.82(5) Å3 measured at ambient condition in our lab. These discrepancies can 
be attributed the systematic difference between different experimental systems and conditions. 
Likewise, Ye et al. (2010) reported that hydrous wadsleyite had the V0 value, by 3
rd-order B-M 
EOS for data collected also at GSECARS beamline 13 BM-D, 3.7 % larger than that measured 
on Bruker P4 system. In addition, KT0 values for single-crystal and powder have mutually 
overlapping uncertainties. However, the K’ value from the single-crystal data set is larger than 
that from the powder data set, beyond the mutual uncertainties. These differences may reflect 
covariance between V0 and K’.  
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            Both compression data sets of single-crystal and powder are individually normalized to 
the calculated V0 values above. V/V0 vs. P are plotted in Figure 5.6, with third-order B-M EOS 
fitting curve for V/V0 fixed to 1 at P = 0, and Birch normalized pressure (FE) vs. Euler finite 
strain (fE) is plotted in Figure 5.7, with the positive slope showing that K’ is larger than 4. In 
addition, third-order B-M EOS fitting gives KT0 = 161.3(7) GPa for K’ fixed at 6, and KT0 = 
155.7(7) GPa for K’ fixed at 7. All the results for third-order B-M EOS fitting are plotted in 
Figure 5.8 with confidence ellipsoids for 68.3%, 90%, and 95.4% (Angel 2000). The point for 
K’ fixed at 6 is inside the ellipsoid of 68.3%, while the point for K’ fixed at 7 is on the ellipsoid 
of 95.4%.  
 
Figure 5.6. Unit-cell volume (V) as a function of pressure (P). The fitting curves are 3rd-order B-
M EOS, with KT0 and K’ values listed.  
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Figure 5.7. Birch normalized pressure (FE) as a function of Euler finite strain (fE) plots with 
vertical error bars for the uncertainties of FE. For fE > 0.02 (P > 11 GPa), the plotted points for 
single-crystal are systematically and significantly above the fitting line, while the points for 
powder are below the fitting line, because of larger K’ for single-crystal.  
Figure 5.8. Confidence ellipsoids plots for K’ vs. KT0 from third-order B-M EOS fittings.  
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              The isothermal compressibility studies by XRD for both anhydrous and hydrous 
ringwoodite are summarized in Table 5.3. Data in Table 5.3 demonstrate that KT0 decreases by 
about 12 GPa for every 1 wt% increase in water content, and increases about 1 GPa for every 10 
mol% increase in fayalite content, indicating that the variation of H content has a much larger 
effect on bulk modulus than does Fe content does within reasonable ranges of these parameters 
in Transition Zone (Smyth et al. 2004). These results are similar to those observed in wadsleyite 
by Ye et al. (2010) who concluded that KT0 of wadsleyite would also decrease 12 GPa for every 
1 wt% increasing in water content. Hazen et al. (2000) reported KT0 of anhydrous Fo100 
wadsleyite was 172(3) GPa, which was 6.5 % smaller than anhydrous Fo100 ringwoodite (Hazen 
1993). In addition, Holl et al. (2008) and Ye et al. (2010) reported that hydrous wadsleyite 
samples had K’ values greater than 4 (but not bigger than 5) due the contribution from H+ 
cations. Manghnani et al. (2005), Smyth et al. (2004) and the current study all show that K’ 
values, refined by third-order B-M EOS, are greater than 6 for hydrous ringwoodite. Thus for 
ringwoodite, K’ increases as water content increases, meaning that hydration makes it harder to 
compress the structure at higher pressure, and the large K’ values for ringwoodite could be 
induced by the cubic-close-packed oxygen arrangement in the spinel structure (Manghnani et al. 
2005).  
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Table 5.3. Isothermal compressibility parameters from XRD. 
H2O         Fo               V0               KT0             K’        Pmax                  Reference 
(wt%)                        (Å3)            (GPa)                     (GPa)         
  0           100        526.54(13)*     184(2)        4.8+         5              Hazen (1993)                   
  0            40         546.61(14)*      203(2)        4.8+         5              Hazen (1993) 
  0            20         552.89(19)*      205(2)        4.8+         5              Hazen (1993) 
  0             0          558.80(14)*     207(2)         4.8+        5              Hazen (1993) 
0.4           61          539.01(5)        184.1(7)        4
+         8.9     run4218 of Ganskow et al. (2010) 
0.7           49             543.32(7)        186.5(9)        4
+         8.8     run3854 of Ganskow et al. (2010) 
0.79         89        530.49(7)         175(3)       6.2(6)      45            Manghnani et al. (2005) 
0.93         88         530.2(5)         169(3)       7.9(9)     11.2           Smyth et al. (2004) 
2.5(3)     100         529.5(5)         159(7)       6.7(7)     29.4          This study (single-crystal) 
                             528.1(1)         161(4)       5.4(6)     19.4          This study (powder) 
                                                    160(2)        6.2(3)                    This study (combined)   
                                                  161.3(7)         6+ 
                                                  155.7(7)         7+   
2.8         100        529.1(2)          148(1)          5+         5.9           Yusa et al. (2000) 
*: V0 values are from measurements, while other V0 values are calculated by B-M EOS fitting. 
+: K’ values are fixed. 
 
 
              The bulk sound speed is defined as Vφ = (KS/ρ)
1/2, whereas  KS is adiabatic bulk 
modulus, and KS = KT*(1+αγT), where KT  is isothermal bulk modulus,  the thermal expansion 
coefficient. If we adopt the mean thermal expansion coefficient α0 values from Ye et al. (2009), 
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and Anderson-Gruneisen parameter from Meng et al. (1993), we can calculate the Vφ profiles 
from this study compared to those of previous studies. The densities and bulk sound speed vs. 
pressures are plotted in Figure 5.9(a) and 5.9(b), respectively. Here for the curves of current 
study, we use V0 = 527.82(5) Å
3 at ambient condition, KT0 = 160(2) GPa, and K’ = 6.2(3). We 
extrapolate the pressure to 20 GPa, for the profiles of Hazen (1993), Ganskow et al. (2010), 
Smyth et al. (2004) and Yusa et al. (2000).  
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Figure 5.9 (a) and (b) profiles of density and bulk sound speed, respectively, for this study and 
literatures (*: samples from Ganskow, and the sample from Hazen et al. (2000) is Fo100).  
The H2O (by weight) and Fo percentages are 0, 100 for Hazen et al. (1993); 0.4, 61 for Run 
4218; 0.7, 49 for Run 3854; 0.79, 88 for Manghnani et al. (2005); 0.93, 88 for Smyth et al. 
(2004); 2.6, 100 for current study; and 2.8, 100 for Yusa et al. (2000). 
 
              Compared to Fo100 ringwoodite, every 10 mol% increase in fayalite content induces 
about 0.67 % increase in unit-cell volume (Ganskow et al. 2010), 4.5 % increasing in mol. mass, 
and about 3.8 % increase in density. Every 1 wt% increase in H2O would then cause about 1.4 % 
decrease in density (Figure 5.4). And the order of density curves in Figure 5.9(a) is consistent 
with the order of Fe contents. For Fo100 ringwoodite samples, the anhydrous one from Hazen et 
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al. (1993) has higher density than the hydrous ones from this study and Yusa et al. (2000). The 
density from Yusa et al. (2000) is slightly smaller than that from this study at ambient pressure, 
but an apparent cross-over happens around 7 GPa, because K’ from this study is 6.7(7), greater 
than K’ of 5 (fixed) from Yusa et al. (2000). A greater K’ leads to a lower compressibility at high 
pressure. From the above discussion, Fe increases density more significantly than bulk modulus, 
whereas H2O could decrease bulk modulus more significantly than density. Hence, any increase 
in Fe or H2O content would decrease the bulk sound velocity. This is consistent with the order of 
velocity curves in Figure 5.9(b): Run 3854 < Run 4218 < Smyth et al. (2004) & Manghnani et 
al. (2005) for various Fe contents; Yusa et al. (2000) < this study < Hazen et al. (1993) for 
different H2O contents. Crossovers in velocity occur due to different K’ values, and larger K’ 
increase velocity more greatly at high pressures. However, the cross-derivatives of dα/dp have 
not been reported for hydrous ringwoodite samples. 
              In addition, anhydrous Fo100 ringwoodite has a adiabatic bulk modulus (KS0) of about 
185 GPa, and a shear modulus (μ0) of about 120 GPa (Jackson et al. 2000; Weidner et al. 1984; 
Li 2003), and Sinogeikin et al. (2003) reported KS0 of 188(3) GPa, and μ0 of 119(2) GPa for 
anhydrous Fo91 ringwoodite. Fo88 ringwoodite with about 1 wt% H2O has KS0 of about 177 GPa, 
and μ0 of about 103 GPa (Jacobsen et al. 2004; Jacobsen and Smyth 2006); Fo100 ringwoodite 
with about 2.2 wt% H2O has KS0 of approximately 160 GPa, and μ0 of about 107 GPa (Wang et 
al. 2003; Inoue et al. 1998). Anhydrous ringwoodite samples have higher KS0 and μ0 than 
hydrous ringwoodite samples, causing a decrease in both VP and VS at low pressures. Conversely, 
Jacobsen and Smyth (2006) reported K’ = 5.3, μ’ = 2.0 for hydrous Fo100; Li (2003) reported K’ 
= 4.5, μ’ = 1.5 for anhydrous Fo100; Sinogeikin et al. (2003) report K’ = 4.1, μ’ = 1.3 for 
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anhydrous Fo91. Hydration could increase K’ and μ’, and then in return increase VP and VS more 
rapidly at high pressures (Jacobsen and Smyth 2006), similar to the effect on Vφ. 
 
5.3.3. Thermal expansion study 
             Unit-cell volumes as a function of  temperatures for measurements at ambient pressures 
are plotted in Figure 5.10, with second-order polynomial fitting of the measured data up to 586 
K as in Equation (1). From 638 K and above, the measured unit-cell volumes are significantly 
above the extrapolation of the fitting curve, consistent with irreversible expansion starting at 
about 606 K for this sample (Ye et al. 2009). The mean coefficient α0 is 40(4) ×10
-6 K-1 (143 K – 
736 K), 29(2) ×10-6 K-1 (143 K – 586 K before irreversible expansion), and 35(1) ×10-6 K-1 (303 
K – 586K), which is exactly consistent with values reported by Ye et al. (2009), while 28% 
larger than the α0 value for hydrous ringwoodite with 2.6 wt% H2O from Inoue et al. (2004) by 
X-ray powder diffraction.  
                             V (Å3) = 2.1(2) ×10-5 × T2 + 0.001(1) ×T + 525.9(2)                              (5.2) 
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Figure 5.10. Cell volume (V) vs. temperature (T) plot with horizontal and vertical error bars for 
the uncertainties of T and V, respectively, if they are larger than the size of the symbols. 
Irreversible expansion starts at 635 K, the second-polynomial fitting curve (R2 = 0.9987) is for 
the measured data blow 635 K. 
 
              In the ringwoodite unit-cell, there are 8 Si4+ and 16 Mg2+ cations. Each Si4+ is 
coordinated with four O2- anions forming a tetrahedron, and each Mg2+ cation is coordinated 
with six O2- anions forming an octahedron. All oxygen atoms are equivalent and bonded to three 
Mg and one Si. Here we use V(Si) and V(Mg)  to denote the tetrahedral and octahedral volumes, 
respectively, and define the non-polyhedral volume V(non) as in Equation (2) below: 
                                       V(non) = V(cell) – 8 × V(Si) – 16 × V(Mg)                                   (5.3) 
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Fractional polyhedral volumes at various temperatures are plotted in Figure 5.11, normalized to 
the values at lowest experimental temperature of 143 K. V(Si) is found to expand significantly 
and abruptly above the onset of irreversible expansion at 586 K. The α0 for V(Si) is 20(3) ×10
-6 
K-1 (143 K - 586 K), while a much larger value of 132(4) ×10-6 K-1 (586 K – 736 K). However, 
such abrupt expansion is not observed for V(Mg) or V(non). Before the irreversible expansion, 
V(Si) has a smaller thermal expansion coefficient than V(Mg), which is consistent with the 
conclusion that V(Si) has less compressibility than that of V(Mg) (Smyth et al. 2004), because Si 
– O bond is shorter and stronger than Mg – O bond. Throughout the experimental temperature 
range (143K – 736 K), α0 values for V(Mg) and V(non) are 41(3) ×10
-6 K-1 and 39(4) ×10-6 K-1, 
respectively, which are the same as that of unit-cell volume. In addition, intensity scans at room 
temperature after heating to 635 K shows V(cell), V(Si), V(Mg) and V(non) expanded by 5%, 
11%, 3% and 5%, respectively, compared with the initial volumes at room temperature; 
expanded by 8%, 15%, 6% and 8%, respectively, after heating to 685 K; expanded by 11%, 
22%, 7% and 13%, respectively, after heating to 736K. The room-temperature cell and 
polyhedral volumes expanded larger after heating to higher temperatures, and the order of 
expansion is V(Mg) < V(cell) < V(Si). Hence, we can conclude that V(Si) expands most 
significantly during irreversible expansion.  
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Figure 5.11. Fractional polyhedral volumes vs. T, normalized to the volumes at lowest 
experimental temperature of 143 K, with the vertical error bars for the uncertainties of fractional 
volumes.    
 
             According to the 29Si NMR spectroscopic study of hydrous ringwoodite from Stebbins et 
al. (2009b), the new NMR peaks, which cross-polarize very quickly, indicate very short Si-H 
distances and the presence of Si-OH, suggesting most of H+ cations substitute into Mg2+ 
vacancies. In the hydrous ringwoodite structure, a small amount of H+ would substitute into Si4+ 
vacancies as well, causing the occupancy of Si4+ slightly smaller than 1, but still greater than that 
of Mg2+ (Panero 2010). In Table 5.2 Si4+ occupancies at 635 K, 685 K, 736 K, and room 
temperature after heating, are significantly less than those before irreversible expansion, with the 
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uncertainties taken into consideration. This suggests that a small amount of H+ cations (less than 
10%, estimated from the results of occupancies), initially in Mg2+ vacancies, might migrate and 
substitute Si4+ cations during irreversible thermal expansion, causing Si4+ occupancy to be 
smaller at room temperature after heating, compared with that at initial room temperature, i.e., 
the substituted Si4+ could not ‘go back’ to the tetrahedral site after cooling down. Maybe the 
transferring of H+ cations from Mg2+ sites to Si4+ sites induces the abrupt increasing in V(Si). In 
contrast, only O1 atoms are protonated in hydrous wadsleyite structure without forming 
significant amounts of Si-OH groups (Stebbins et al. 2009b).  Ye et al. (2011) report the cell 
volume of hydrous wadsleyite (2.8 wt% H2O) decreased above 635 K due to dehydration, with 
3 % and 2.5 % decreases in M2 – O1 and M3 – O1 bond lengths, respectively, but no significant 
change in V(Si),  as opposed to irreversible expansion observed in ringwoodite. 
              Further, the program SHELXL-97 indicates highest reflection peak of Si at (1/2, 1/2, 0), 
1.76 Å away from original Si site, by electron density synthesis with coefficients of Fobs - Fcal for 
the intensity scanning data at 736 K, as well as room temperature after heating to 635 K, 685 K, 
and 736 K, respectively. This is an octahedral site with a cation-oxygen distance of about 1.95 Å. 
Therefore, if the irreversible transition is a consequence of H+ substituting for Si4+, then the Si4+ 
migrates to (1/2, ½, 0). Next, for the same intensity scanning data collected at room temperature 
after heating, we observe a new site of Si2 at (½, ½, 0) for new structure refinements by the 
program SHELXL-97 (noting Si1 at (1/8, 1/8, 1/8)).  Si2 is treated isotropically with Ueq(Si2) = 
Uii(Si1), and again Uij(Si1) = 0.  The detailed results are listed in Table 5.4. The sum of Si1 and 
Si2 occupancies is consistent with that of Si in the first refinement in Table 5.2. Si2 occupancy 
increases slightly after heating to higher temperature, but is still no more than 0.05, compared 
with Si1 occupancy. R1 values are smaller in the second refinements than those in the first ones, 
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and again V(Si1) expands more significantly than V(Mg) after heating above the irreversible 
expansion temperature.  These results are expected as further supporting for the speculation 
about the changes of polyhedral volumes during irreversible expansion. Hence, 29Si NMR 
spectroscopic study could be proposed for hydrous ringwoodite after heating above 600 K to 
further check the occupancy of Si4+ and the presence of Si4+ at (1/2, 1/2, 0).  
 
Table 5.4. Second structure refinements for hydrous ringwoodite at room temperature after 
heating above 600 K with adding Si2 position. 
 
                    RT(635)                          RT(685)                            RT(736) 
R1 ( Fo>4sig(Fo))             2.42                                 2.48                                   3.20 
      Xox                         0.2441(2)                         0.2442(2)                          0.2444(2) 
   Mg occup.                     0.94(2)                             0.92(2)                              0.90(2) 
Si1& Si2 occup.      0.95(3) & 0.01(2)             0.92(2) & 0.03(1)             0.87(2) & 0.05(1) 
                   Mg (Uii & Uij)    0.0086(10) & -0.0012(4)    0.0114(9) & -0.0017(3)    0.0142(9) & -0.0021(3) 
     Si (Uii)                      0.0100(11)                        0.0124(9)                          0.0147(10) 
 O (Uii & Uij)     0.0098(14) & 0.0008(6)    0.0137(11) & 0.0017(6)    0.0176(10) & 0.0019(6) 
     V(Mg)*                       1.003(2)                          1.005(1)                           1.005(2) 
    V(Si1)*                        1.012(3)                          1.017(2)                           1.027(3) 
    V(none)*                     1.006(1)                          1.009(1)                           1.014(1)                               
*: The fractional polyhedral volumes normalized to those at initial room temperature. 
 
5.4 Conclusion 
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              We synthesized Fo100 ringwoodite containing 2.5(3) wt% H2O, measured by SIMS. 
The unit-cell volume of hydrous ringwoodite increases by 0.96(5) Å3 per wt% H2O, whereas 
above 2 wt% H2O the slope is 3.3(2) Å
3 per wt% H2O, suggesting Mg
2+ = 2H+ defect dominates 
up to about 2 wt% H2O, and other significantly concentration of defects might exist above 2 wt% 
H2O. In addition, the ratio of Mg/Si would decrease by 0.039(7) for every 1 wt% increasing in 
water content.  
              A third-order B-M EOS fits values of the isothermal bulk modulus KT0 = 159(7) GPa 
and K’ = 6.7(7) for single-crystal XRD; KT0 = 161(4) GPa and K’ = 5.4(6) for powder XRD; with 
KT0 = 160(2) GPa and K’ = 6.2(3) for the combined data sets. About 1 wt% H2O reduce KT0 by 
12 GPa, and the density of ringwoodite is reduced by 0.049(3) g/cm3 (1.4 %). On the other hand, 
every 10 mol% increasing in fayalite content induces about 0.67 % increase in unit-cell volume, 
4.5 % increasing in mol. mass, and then about 3.8 % increase in density. Hence, Fe increases 
density more significantly than to increase bulk modulus, whereas H2O could decrease bulk 
modulus more significantly than to decrease density. 
              Single-crystal intensity data were collected at various temperatures up to 736 K, and 
show the cell volume V(cell) has a mean thermal expansion coefficient αV0 of 40(4) ×10
-6 K-1 
(143 K – 736 K), and 29(2) ×10-6 K-1 (143 K – 586 K before irreversible expansion). V(Mg) and 
V(none) have α0 values of 41(3) ×10
-6 K-1 and 39(4) ×10-6 K-1 (143 K – 736 K), and V(Si) has α0 
values of 20(3) ×10-6 K-1 (143 K – 586 K) and 132(4) ×10-6 K-1 (586 K – 736 K). We speculate 
that after occurring of irreversible expansion, a minor amount of H+ cations, initially in Mg2+ 
vacancies, migrate and substitute Si4+ cations, and the substituted Si4+ migrates to (1/2, ½, 0).  
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CHAPTER 6 
Structure and thermal expansion of aragonite-group carbonate 
6.1. Introduction 
               Aragonite (CaCO3), the most common orthorhombic carbonate, crystallizes in space 
group Pmcn, and consists of layers of nine-coordinated Ca2+ cations in approximate hexagonal 
closest packing, alternating with layers of planar CO3 groups stacked perpendicular to the c-axis, 
(Bragg, 1924, Wyckoff 1925). Although orthorhombic, the structure approaches trigonal 
symmetry, and crystals commonly show pseudo-hexagonal morphology. Strontianite (SrCO3), 
cerussite (PbCO3) and witherite (BaCO3) also have the aragonite structure, and as the M
2+ cation 
(Ca2+ < Sr2+ < Pb2+ < Ba2+) size increases, the trigonal structure becomes less and less distorted 
so that the structure of witherite is closet to ideal (Speer 1983).  Recent studies of aragonite-
group structures have been carried out (Pannhorst and Löhn 1970; De Villiers 1971; Dal Negro 
and Ungaretti 1971; Dickens and Bowen 1971; Jarosch and Heger 1986 and 1988; Chevrier et al. 
1992, Pilati et al. 1998, Holl et al. 2000, Bevan et al. 2002, Caspi et al. 2005, Pokroy et al. 2007, 
Antao and Hassan 2009). 
                 High-temperature studies of phase transformations in carbonates of the aragonite 
group have been reported by Lander (1949), Baker (1962), Weinbruch et al. (1992), Lin and Liu 
(1996 and 1997), and Antao and Hassan (2007 and 2010). In the current study, the unit-cell 
parameters for aragonite, strontianite, cerussite and witherite are measured at low and high 
temperatures to investigate the effect of M2+ cation size on the volume and anisotropy of thermal 
expansion, by single-crystal diffraction. Since the single crystals break down at temperatures 
before any phase change occurs, no phase transformation was observed in this study.  Results for 
thermal expansion are compared with coherent compressibility studies by Martinez et al. (1996), 
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Holl et al. (2000), and Liu et al. (2005). In addition, aragonite atom position parameters have 
been refined from single-crystal intensity measurements collected at low and high temperatures 
to investigate crystal structure dependence on temperature.   
 
6.2. Experiments and data 
6.2.1. Electron microprobe analyses 
               The carbonate group samples for the current study are all from natural sources. The 
aragonite was a purchased specimen, no locality was available. The calcian strontianite (CU 
collection Number 4270) is from Dreisteinfurt, Westphalia, Germany; the cerussite (CU 
collection Number 4552) is from Tsumeb, Namibia; and the witherite (CU collection Number 
5914 is from Hexham, Northumberland, England (Holl et al 2000).   A single crystal about 300 ~ 
400 μm for each sample was selected for chemical analysis by electron microprobe. Each sample 
was mounted in epoxy and polished on the surface. Mineral compositions were determined using 
a JEOL 8600 SuperProbe, operating at a 15 kV accelerating voltage and 20 nA beam current, 
with a 5 µm beam-size to reduce volatility of CO2. Certified mineral standards were used (galena 
for Pb, barite for Ba, wollastonite for Ca, strontianite for Sr, olivine for Mg, and garnet for Fe 
and Mn) for quantification using ZAF wave-length dispersive corrections. On each sample, 6 ~ 7 
points were chosen for measuring the weight percentages of oxides, and the average values with 
standard deviations are listed in Table 6.1.  The formulas of the carbonate samples are 
summarized as: aragonite Ca0.997Sr0.003CO3; calcian strontianite Ca0.147Sr0.853CO3; cerussite 
Ca0.001Pb0.999CO3; witherite Sr0.019Ba0.981CO3. 
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Table 6.1. Results of electron-microprobe analyses: 
                         Aragonite                Strontianite             Cerussite             witherite 
CaO  (wt%)       55.5(5)                     5.9(4)                    0.03(1)               0.01(1) 
SrO                    0.26(4)                    62.5(8)                  0.05(2)                0.98(5) 
MgO                  0.00(1)                    0.01(1)                      0                          0 
FeO                   0.02(2)                     0.01(1)                  0.01(2)                0.02(3) 
BaO                   0.01(1)                    0.02(2)                  0.01(1)                76.7(2) 
PbO                   0.01(2)                    0.01(2)                  83.4(5)                0.01(1) 
MnO                     0                          0.01(1)                  0.01(1)                    0 
CO2
*                43.7(5)                     31.1(9)                  16.5(5)                 22.4(3) 
Total:               99.5(5)                     99.6(8)                100.0(5)               100.3(5)  
Ca (apfu)        0.997(9)                   0.147(3)                  0.001                   0.000 
Sr                    0.003(1)                   0.853(8)                 0.000                 0.019(1) 
Mg                   0.000                        0.000                    0.000                     0.000 
Fe                    0.000                         0.000                   0.000                     0.000 
Ba                    0.000                        0.000                    0.000                  0.989(3) 
Pb                    0.000                        0.000                  0.999(6)                  0.000 
Mn                   0.000                        0.000                    0.000                    0.000 
CO3
*
                     1.000(11)                  1.00(2)                 1.00(3)                 1.000(7) 
*: Calculated from stoichiometry, assuming the ratio of C:O to be 1:3. 
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6.2.2. Single-crystal XRD 
            Crystals of natural aragonite (120 × 76 × 70 μm3), strontianite (110 × 100 × 84 μm3), 
cerussite (105 × 75 × 68 μm3) and witherite (153 × 90 × 62 μm3), without visible defects, were 
chosen for the refinements of unit-cell parameters and crystal structures at ambient conditions. 
Measurements for unit-cell refinements were conducted on a Bruker P4 four-circle 
diffractometer with a dual scintillation point detector system using an 18 kW rotating Mo-anode 
X-ray generator, which was operated at 50 kV and 250 mA. The X-ray was composed by two 
characteristic wavelengths (Kα1 = 0.709300 Å and Kα2 = 0.713590 Å), and a single crystal of 
anhydrous forsterite with spherical shape was used to calibrate Kα_average = 0.71065 Å, which 
was used unit-cell and internal structure refinements in following discussion. Up to 48 reflections 
with 10º < 2θ < 30º from each crystal were centered for unit-cell refinement by a least-squares-
fitting. Subsequently, intensity data were collected using a Bruker APEX II CCD detector 
mounted on a P4 diffractometer. The refined unit-cell and intensity scan parameters are listed in 
Table 6.2. The atomic position coordinates and anisotropic displacement parameters were 
refined using the program SHELXL-97 (Sheldrick 1997) in the software package of WinGX 
(Farrugia 1999), and are listed in Table 6.3 and Appendix 6.1, respectively. In addition, the 
XtalDraw software package (Downs et al. 1993) was used to calculate the bond lengths, angles, 
and coordination parameters listed in Appendix 6.2. M position is nine-coordinated by O atoms, 
while C position is three-coordinated by O atoms. 
 
Table 6.2. Unit-cell parameters and intensity data collection parameters at ambient condition 
                                Aragonite               Strontianite             Cerussite               Witherite  
        a (Å)                4.9596(5)                5.0914(6)              5.1820(4)                5.3193(9) 
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        b (Å)                7.9644(7)                8.3519(8)              8.4953(9)                8.9056(8) 
        c (Å)                5.7416(5)                5.9901(7)              6.1436(5)                6.4353(9) 
       V (Å3)               226.80(4)                254.72(5)              270.46(4)                304.85(7) 
Max 2θ scanned          59.5˚                       48.8˚                      66.9˚                       63.1˚ 
No. of reflec                3370                       2779                      6543                       5206 
No. unique.                  357                         231                        574                          557 
No. unique. (I>4σ)       300                        171                        375                          374 
R1 for I>4σ                0.0239                   0.0469                   0.0333                     0.0455 
GoF for all data          1.068                     1.628                     1.103                       1.463 
 
 
Table 6.3.  Atomic position coordinates at ambient condition 
                                 Aragonite               Strontianite             Cerussite               Witherite 
    M         y/b           0.41498(5)               0.4160(1)              0.41706(5)            0.41631(7) 
                 z/c           0.75936(7)               0.7573(2)              0.75405(6)            0.75452(7) 
    C          y/b            0.7622(3)                0.757(2)                  0.765(2)                0.757(1) 
                 z/c           -0.0851(4)               -0.086(2)                -0.090(2)               -0.079(1) 
    O1        y/b            0.9220(2)                0.912(1)                 0.913(1)                0.9011(8)    
                 z/c           -0.0956(3)               -0.092(2)                -0.094(2)               -0.089(1) 
    O2        x/a            0.4737(2)                0.469(1)                 0.463(1)               0.4611(9) 
                 y/b           0.6807(1)                0.6800(7)               0.6864(8)              0.6840(6)   
                 z/c          -0.0872(2)                -0.085(1)                -0.087(1)             -0.0827(8) 
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              After refining internal structures at ambient conditions, refinements of cell parameters at 
low-temperature (below 300 K) and high-temperature range (above 300 K) were conducted on 
the point detector system to determine axial and volumetric thermal expansion coefficients. For 
low-temperature measurements, each single crystal was cooled to temperatures as low as 143 K 
from room temperature. Low temperatures were measured and controlled by a Bruker LT-2A 
controller, which used a low temperature N2 gas stream. For high-temperature experiments, 
another single crystal from the same source sample of each carbonate was mounted inside a 
silica glass capillary and heated from 300 K to 586 K for aragonite, strontianite and witherite, 
and to 489 K for cerussite because the single crystal of cerussite broke down above 489 K. 
Heating was accomplished using a Bruker high-temperature device, which used a two-prong 
ceramic-coated Pt wire radiant heater, with an Omega temperature-control unit. There were 
difference between the real temperatures at the crystal positions and the ones read from the 
devices due to the distance between the tip of the thermal couple and sample position, and 
temperature calibration were conducted by Ye et al. (2009). The refined unit-cell parameters vs. 
calibrated temperatures for both low- and high-temperature ranges of aragonite, strontianite, 
cerussite, and witherite are listed in Appendixes 6.3, 6.4, 6.5, and 6.6, respectively. The 
uncertainties are 2 K for low temperatures, while 5 K for high temperatures (Ye et al. 2009).  
            For the aragonite sample, intensity scans were conducted on the point-detector 
diffractometer system after measuring unit-cell parameters at the various temperature steps.  For 
the low-temperature range, intensity scans were conducted at 300 K, 265 K, 224 K and 184 K, 
but not 143 K, because at 143 K, ice condensate piled up rapidly at the tip of the gas nozzle, 
which affected the intensities. For high-temperature range, intensity scans were carried at 300 K, 
359 K, 415 K, 471 K and 527 K, but not 586 K, because the crystal became somewhat defective 
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at 586 K, and the refined unit-cell parameters had much larger uncertainties than those at lower 
temperatures. Above 586 K, the crystal broke up, and reflections could not be effectively 
centered for unit-cell refinement. For each intensity scans, the 2θ scan range was set to 30º, with 
–3 < h < 3, -5 < k < 5, -4 < l < 4, and resolution [λ/sin(θ)] > 1.37 Å. For example, we collected 
(111) unique reflection with redundancy of 8 for the orthorhombic structure. For each intensity 
scan at high temperatures, more than 300 reflections were measured, with 56 unique reflections, 
while at low temperatures, the number of total reflections for each intensity scan decreased by 
about 20 %, and the number of unique reflections decreased to 51. During low-temperature 
measurement, χ angle scan range was limited to –55º - 250º due to the rotation limitation by the 
cooling device, and reflections with χ from 250º to 305º were ignored during the scan process. 
The intensity scan parameters for aragonite at temperatures are listed in Table 6.4, the refined 
atomic position coordinates and displacement parameter (Ueq) are listed in Appendix 6.7, and 
calculated bond lengths and angles are listed in Appendix 6.8. The data processes were 
performed with the same software as those for ambient condition mentioned above.  
            At high temperatures, the displacement parameters of O (Ueq(O1) & Ueq(O2)) became 
significantly larger than that of C (Ueq(C)). CO3 groups were treated as rigid bodies during 
thermal expansion, and the rigid-body correction is applied to C-O bond lengths (Downs et al. 
1992; Hazen et al. 2000), as in equation (1): 
                                       (RSRB)
2 = R2 + 3*[ Ueq(O1) - Ueq(C) ]                                                 (6.1) 
Where RSRB is the length of the simple rigid bond, and R is the observed bond length. 
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Table 6.4. data collection parameters of intensity scan for aragonite at temperatures 
T (K)                    184         224         265        300*        300#         359         415        471        527                    
No. reflec.            250         247         239         246          306         304         306        306        307 
No. uniq.               51           51           51           51           55           56           56           56          56 
No. uniq. (I>4σ)   50           49           49           49           50           51           52           50           52 
R1 for I>4σ       0.0225    0.0226    0.0265    0.0228    0.0213    0.0185    0.0283    0.0175   0.0213 
R1 for all          0.0230    0.0232    0.0275     0.0231    0.0530    0.0466   0.0603    0.0518   0.0495 
GoF for all       1.966      1.519       1.934      1.842      1.360      1.057     1.448       1.175     1.483 
*:  intensity scan data at room temperature for the crystal used for low-temperature experiments 
 #: intensity scan data at room temperature for the crystal used for high-temperature 
measurements 
 The same notes for Appendixes 6.7 and 6.8. 
 
6.3. Results and discussion 
6.3.1. Unit-cell and internal structure at ambient temperature 
               Antao and Hassan (2009) conclude that a, b and c axes increase linearly as functions of 
unit-cell volume. The unit-cell axes vs. volumes are plotted in Figure 6.1, and essentially linear 
trends are supported by the data from the current and previous studies as shown in Figure 6.1. 
The unit-cell parameters for aragonite from this and previous studies agree quite well (Antao and 
Hassan 2009 & 2010, Dal Negro and Ungaretti 1971, De Villiers 1971, and Jarosch and Heger 
1986). The discrepancy of unit-cell parameters for strontianite from different literature sources 
are most significant, in the order of Antao and Hassan (2009) > Pannhorst and Löhn (1971) > De 
Villiers (1971) > current study, which is due to higher Ca content (14.7 % apfu) of the current 
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calcian strontianite sample. In the following discussion, we refer to it as strontianite, but the main 
differences between the current and previous measurements are likely due to the relatively higher 
Ca content of the current sample. The cell volume of strontianite from Antao and Hassan (2009) 
is about 1.6 % larger than that from this study. The cell volume of witherite from Antao and 
Hassan (2007, 2009) is also about 0.3 % larger than those from Holl et al. (2009) and De Villiers 
(1971), but are in close agreement with those of the current study. In addition, The a : b : c ratios 
from current study are 1 : 1.61 : 1.16 for aragonite; 1 : 1.64 : 1.18 for strontianite; 1: 1.64 : 1.19 
for cerussite; and 1: 1.67 : 1.21 for witherite.  
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Figure 6.1. Unit-cell axes vs. volumes as linear functions. The solid five-star symbols are for 
current study, and open circle symbols are from Antao and Hassan (2007), (2009) and (2010), 
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Chevrier et al. (1992), Devilliers (1971), Dal Negro and Ungaretti (1971), Holl et al. (2000),  
Jarosch and Heger (1986) & (1988), Pannhorst and Löhn (1969), Pokroy et al. (2007) (The data 
for Antao and Hassan 2007 & 2009, Holl et al. 2000 are the values measured at ambient 
condition). 
 
                Neutron diffraction gives higher precision than X-ray diffraction for position 
parameters of light atoms, like C and O. The <M-O> and <C-O> values from this study and 
previous studies by neutron diffractions are summarized in Table 6.5. The refinements of 
strontianite show most significant difference between this study and neutron diffraction due to 
higher Ca content in the current strontianite sample. 
 
Table 6.5.  Comparison of unit-cell volume and average bonds’ lengths for the current single-
crystal X-ray diffraction and neutron diffraction. 
                             V (Å3)          <M-O> (Å)       <C-O> (Å) 
Aragonite           226.80(4)          2.528(2)           1.282(4)           This study 
                           226.91(3)         2.5282(5)         1.2822(4)          Jarosch and Heger (1986) 
                         227.039(5)          2.529(2)           1.282(1)           Pokroy et al. (2007)*            
Strontianite        254.72(5)          2.634(9)            1.29(2)            This study 
                           258.25(4)         2.648(8)           1.285(7)          Jarosch & Heger (1988)  
Cerussite            270.46(4)         2.695(6)            1.28(1)            This study 
                           270.08(8)        2.6921(8)          1.284(1)           Chevrier et al. (1992) 
Witherite            304.85(7)        2.809(7)            1.29(1)             This study 
                         304.614(8)       2.8099(7)         1.2873(8)           Antao et al. (2009) 
*: geological sample. 
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6.3.2. Thermal expansion at low and high temperatures  
             For each carbonate, separate single crystals from the same sample were measured over 
the low and high temperature ranges. The unit cell parameters at low and temperatures are 
normalized to the parameters at room temperature (300 K) of each crystal, and plotted vs. 
temperature in in Figure 6.3 (a) aragonite, (b) strontianite, (c) cerussite and (d) witherite. The 
normalized unit-cell parameters are equal to 1 for room temperature, smaller than 1 for low 
temperatures, while greater than 1 for high temperatures.  In the figures, c/c0 changes more than 
a/a0 or b/b0 with temperature. The V/V0 and c/c0 vs. T plots are fitted to second-order polynomial, 
whereas a/a0 and b/b0 vs. T plots are linear within error. The thermal expansion coefficient, α, is 
defined in equation (2.1), and the temperature dependence of α can be expressed as a linear 
function of T as in equation (2.).  In the current study, | V/V0 – 1 | << 1, then the second-order 
fitting of V/V0 could be interpreted as (C is a constant from integration): 
                                                        V/V0 = ½ a1 × T
2 + a0 × T + C                                           (6.2) 
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Figure 6.2 (a) – (d). Unit-cell parameters vs. T (K), normalized to the parameters at ambient 
temperature for both low- and high- temperature experiments of (a) aragonite, (b) strontianite, (c) 
cerussite and (d) witherite. a0, b0, c0 and V0 are the unit-cell parameters at room temperature. 
V/V0 and c/c0 vs. T are fitted to 2
nd-order polynomial curve, and a/a0 and b/b0 vs. T are fitted 
linearly. Uncertainties of temperatures and unit-cell parameters are not presented because they 
are smaller than the sizes of the symbols. 
 
             The calculated a1, a0 and C for each carbonate are listed in Table 6.6, as well as R
2 
values and temperature ranges. The a1 value for cerussite is much larger than those for aragonite, 
strontianite and witherite, meaning that cerussite expands much more significantly as 
temperature increases. The average axial and volume thermal expansion coefficients α0 are listed 
in Table 6.7, and there are three different α0(V) values for whole experimental temperature 
range, low- and high-temperature ranges, respectively. 
 
 
Table 6.6. The values of a1, a0 and C derived from the 2
nd-order polynomial fits to V/V0. 
                       a1(10
-8 K-2)      a0(10
-4 K-1)               C                       R2               Trange (K)       
Aragonite           5.4(4)              0.46(2)             0.9837(4)            0.9998            143 - 586 
Strontiante         3.6(7)              0.55(2)             0.9822(8)            0.9988            143 - 586 
Cerussite          16.8(6)             0.27(3)              0.9842(5)            0.9998            143 - 489 
Witherite            7.0(5)             0.39(3)              0.9847(5)            0.9996            143 - 586 
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Table 6.7. Average axial and bulk thermal expansion coefficients α0 (10
-6 K-1) 
                           α0(a)           α0(b)          α0(c)           α0(V)         α0(V)_low
#         α0(V)_high
$ 
Aragonite           9.1(6)        18.8(8)       37.1(6)         65(1)             58(2)                69(1)     
Strontianite       12.7(5)       12.8(3)       43.1(9)         68(1)            58.3(7)              71(2) 
Cerussite           11.0(2)        6.8(5)         62(2)           80(3)             64(2)                93(3) 
Witherite           10.5(4)        6.0(2)         48(2)           65(2)             57(2)                70(2) 
#: for low-temperature range below 300 K; $: for high-temperature range above 300 K. 
 
 
             α0(V) values for aragonite, strontianite and witherite are almost the same, considering the 
uncertainties, but much larger for cerussite. α0(V) of cerussite is about 20 % larger than those of 
other three carbonates for the entire experimental temperature range, 10 % larger for low-
temperature range, and 30 % larger over the high-temperature range. For each carbonate, α0(c) is 
much greater than α0(a) and α0(b), indicating the carbonates have largest thermal expansion 
coefficients in c direction, which is perpendicular to the plane of the CO3 groups. The α0(a) 
values are not significantly different, while α0(b) values decrease in the order of  aragonite > 
strontianite > witherite, and α0(b) for cerussite is almost the same as that for witherite. Then α0(b) 
is larger than α0(a) for aragonite, equal to α0(a) for strontianite, and smaller than α0(a) for 
cerussite and witherite, which are also indicated in Figure 6.2 (a) – (d). The α0(c) values 
increase in the order of aragonite < strontianite < witherite, ‘compensating’ for the systematic 
decrease in α0(b) values, so that α0(V) remains nearly the same. The α0(c) for cerussite is much 
larger, which accounts for the larger α0(V) for cerussite relative to aragonite, strontianite and 
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witherite. Also, in Figure 6.2 (a) – (d), c/c0 values for cerussite expand more at high 
temperatures, and shrink more at low temperatures, compared with the other carbonates.  
             Antao and Hanssan (2010) reported the axial and bulk thermal expansion coefficients for 
aragonite as: α0(a) = 9.8(1) × 10
-6 K-1, α0(b) = 21.2(3) × 10
-6 K-1, α0(c) = 39.8(5) × 10
-6 K-1 and 
α0(V) = 71(1) × 10
-6 K-1 for the temperature range of 298 K – 750 K, and aragonite transformed 
to calcite (R 3  c) above 750 K. The α0(V) value is about 9 % larger than current value (143 K – 
586 K). Also, Antao and hanssan (2010) outlined a0 = 0.547(4) × 10
-4 K-1 and a1 = 6.1(2) × 10
-8 
K-1 for aragonite α(V) of the same temperature range, which are 13 % and 19 % larger than 
current values respectively. Antao and Hanssan (2007) reported for witherite: α0(a) = 6.3(4) × 
10-6 K-1, α0(b) = 4.1(2) × 10
-6 K-1, α0(c) = 59.3(6) × 10
-6 K-1 and α0(V) = 69.5(4) × 10
-6 K-1 for the 
temperature range of 298 K – 1067 K, and witherite transformed from space group of Pmcn to 
R3m above 1067 K. The α0(V) value is about 7 % larger than current value (143 K – 586 K). For 
α(V) of witherite, a0 = 0.69(1) × 10
-4 K-1 and a1 = -0.3(3) × 10
-8 K-1. No significant second-order 
thermal expansion was observed.  
              In addition, Liu et al. (2005) pointed out the linear axial compressibility of aragonite as: 
β0(a) = 3.0(2) × 10
-3 GPa-1, β0(b) = 4.6(2) × 10
-3 GPa-1 and β0(c) = 7.3(6) × 10
-3 GPa-1 by 
Brillouin spectroscopy; while Martinez et al. (1996) gave 2.4(2), 4.2(2) and 5.8(2) (× 10-3 GPa-1) 
for β0(a), β0(b) and β0(c), respectively, for aragonite (up to 7.14 GPa at room temperature). Both 
previous studies give axial compressibilities in the order of c > b > a, which is in the same order 
as axial thermal expansion. Holl et al. (2000) reported that for witherite, β0(a) = 1.73(7) × 10
-3 
GPa-1, β0(b) = 1.49(1) × 10
-3 GPa-1 and β0(c) = 16.8(3) × 10
-3 GPa-1 (to 7 GPa at room 
temperature), and at about 7.2 GPa, witherite transformed from Pmcn to P 3  1c. The order of 
axial compressibilities for witherite is c > a > b, also consistent with the order of axial thermal 
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expansion for witherite from the current study. In conclusion, the coherent orders of axial 
compressibility and thermal expansion support that aragonite group carbonates are most 
‘flexible’ in c direction, and aragonite is more ‘flexible’ in b direction than in a direction, as 
opposed to witherite.  
 
6.3.3. Internal structure of aragonite at temperatures 
            After refining unit-cell parameters at each temperature step for aragonite, intensity scans 
were conducted for both low- and high-temperature ranges to investigate the changes of crystal 
structures with temperature. At ambient temperature, the <Ca-O> values from the point detector 
are 2.526(3) Å for both crystals of low- and high-temperature measurements, and <Ca-O> from 
CCD detector is 2.528(2) Å. <C-O> values at ambient temperature are 1.282(4) Å, 1.29(1) Å and 
1.30(1) Å for the intensity scans from CCD detector, point detector (after rigid-body correction) 
of low- and high-temperature measurements, respectively. All the three structure refinements 
give <O-C-O> angle as 120.0(5)°. R1 values for I > 4σ remain systematically and coherently 
around 2 ~ 3 % for all refinements from point detector data at low- and high-temperatures. The 
bond lengths from CCD detector are more consistent with those from neutron diffractions 
(Jarosch and Heger 1986; Pokroy et al. 2007). For the intensity scans on point detector, the 2θ 
scans were limited to a smaller range, just in case that the heating prongs might block reflections 
of higher 2θ. The difference of ambient <C-O> values for the two crystals from point detector is 
smaller than the uncertainties of the measurements. 
                <Ca-O> and rigid-body corrected <C-O> vs. T (K) are plotted in Figure 6.3 (a) and 
(b), respectively, comparing with the values from Antao and Hassan (2010), as well as the ones 
from neutron diffractions at ambient temperature. The data from Antao and Hassan (2010) are 
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plotted over part of their temperature range to 590 K, instead of the whole range up to 750 K. 
<Ca-O> at ambient temperature from current study is about 0.006 Å smaller than that from 
Antao and Hassan (2010). The linear fittings for the two data sets are almost parallel to each 
other. 
Current study:                                  <Ca-O> = 5.8(8) × 10-6 × T + 2.508(3)                  (5) 
Antao and Hassan (2010):            <Ca-O> = 5.9(8) × 10-6 × T + 2.514(4)                   (6) 
           The discrepancies of <Ca-O> and <C-O> values between this study and Antao and 
Hassan (2010) could be attributed to different experimental apparatus. The data of Antao and 
Hassan (2010) were derived from in situ synchrotron powder X-ray diffraction, with λ = 
0.61684(5) Å and 2θ < 30°. On the other hand, despite of differences among the samples, the 
three data sets of <C-O> for low- and high-temperature measurements of the current study and 
Antao and Hassan (2010) remain the same within errors over the temperature ranges studied, 
respectively, implying that CO3 groups can be treated as rigid bodies during thermal expansion.  
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Figure 6.3. (a) and (b). Average (a) <Ca-O> and (b) <C-O> bond lengths vs. T (K). <Ca-O> 
bond lengths vs. T are fitted linearly for both current study and Antao & Hassan (2010). The 
vertial error bars are for the uncertainties of bond lengths. 
 
 
6.4. Conclusion 
            Unit-cell and crystal structure parameters and thermal expansion have been refined for 
the aragonite-group carbonates; aragonite (CaCO3), strontianite (SrCO3), cerussite (PbCO3), and 
witherite (BaCO3) (space group Pmcn).  Unit-cell parameters (a, b, c and V) increase as linear 
functions of average <M-O> length (Ca-O < Sr-O < Pb-O < Ba-O), indicating that the unit-cell 
size is mainly determined by the effective size of M2+ cation. Thermal expansion experiments 
were conducted from 143 K to 586 K (to 489 K for cerussite before crystal broke up). Average 
thermal expansion coefficients α0(V) are 58(2), 58.3(7), 64(2) and 57(2) (× 10
-6 K-1) for 
aragonite, strontianite, cerussite and witherite, respectively, throughout the experimental 
temperature range. Aragonite, strontianite and witherite have very similar α0(V) values, whereas 
that of cerussite is significant larger, largely because the c-axial thermal expansion for cerussite 
is much larger than those of other carbonates. There are no great differences for α0(a) values 
among the four carbonate, whereas α0(b) values decrease in the order of aragonite > strontianite 
> cerussite ≈ witherite, and α0(c) values increase in the order of aragonite < strontianite < 
witherite < cerussite. Crystal structures were refined for aragonite (184 K to 527 K). <Ca-O> vs. 
T (K) is linear fitted as: <Ca-O> = 5.8(8) × 10-6 × T + 2.508(3). C atomic positions are not as 
precisely determined as those of Ca, so that uncertainties for C-O lengths are bigger than Ca-O. 
Nevertheless, <C-O> length is observed to systematically decrease as temperature increases. 
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CHAPTER 7 
Summary 
                 This research focuses on the equation of state for hydrous silicate (Mg2SiO4) at high 
temperatures and high pressures by single-crystal X-ray diffraction, and the results demonstrate 
that hydration could significantly increase thermal expansion, as well as compressibility. 
Hydration enlarges MgO6 octahedral volume, making it more compressible, and increases unit-
cell volumes of silicates, inducing lighter density. For hydrous wadsleyite and ringwoodite, 1 
wt% increasing in water content would decrease isothermal modulus KT0 by about 12 GPa. On 
the other hand, hydration will increase the first derivative of modulus K’, causing larger seismic 
velocities at higher pressures. In Argonne, APS, we measured the compressibility of hydrous 
wadsleyite (2.8(5) wt% H2O) and hydrous ringwoodite (2.5(3) wt% H2O) in diamond anvil cell, 
and the 3rd-order B-M EOS fits the results: KT0 = 137(5) GPa, K′ = 4.6(3) for hydrous wadsleyite;  
KT0 = 160(2) GPa, K’ = 6.2(3) for hydrous ringwoodite. For anhydrous and hydrous wadsleyite 
samples, c axes have larger thermal expansion and compressibility than a and b axes do, 
suggesting that wadsleyite is the most flexible in c direction. 
                Dehydration phenomena of hydrous wadsleyite were observed for the two samples 
with 1.66 wt% H2O and 2.8 wt% H2O: the sample with 1.66 wt% H2O started dehydration 
around 655 K, while the one with 2.8 wt% H2O at about 635 K. The sample with 2.8 wt% H2O 
had monoclinic structure of I2/m with β = 90.2°, while after dehydration, β angle decreased to 
90°, and the crystal structure turned back to orthorhombic of Imma. Also, internal structure 
determinations were conducted at high temperatures before and after dehydration. After 
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dehydration, M2 – O1 and M3 – O1 bonds decreased by 3 % and 2.5 %, respectively. This was 
consistent with that the non-silicate O1 positions being preferred protonation sites.    
               In contrast to the coherent dehydration of hydrous wadsleyite, hydrous ringwoodite 
showed an irreversible thermal expansion at high temperatures: irreversible thermal expansion 
took place at 808 K for the sample with 0.74 wt% H2O, compared to 586K for the sample with 
2.5 wt% H2O. And internal structure study for the sample with 2.5 wt% H2O at high 
temperatures indicated that upon the happening of irreversible thermal expansion, a small 
amount of H+ cations in Mg sites might transfer to Si sites without changing the cubic spinel 
structure of ringwoodite, and the substituted Si4+ cations might move to the normally vacant 
octahedral site at (½ , ½, 0).  Thus, SiO4 tetrahedral volume was observed to expand greatly 
thereafter, Nevertheless, for hydrous wadsleyite, SiO4 tetrahedral volume did not change 
significantly throughout the experimental temperature range.  
               In addition, crystal structure study of aragonite-type carbonates at ambient condition 
supports that the unit-cell parameters are linearly dependent of the sizes of M2+ cations. thermal 
expansion study indicates that aragonite, strontianite and witherite have very similar α0(V) 
values, whereas that of cerussite is significant larger. All the four carbonate samples have the 
largest thermal expansion in c-axis direction, which is perpendicular to the layers of CO3 groups. 
The internal structure measurements of aragonite at low and high temperatures show that as 
temperature increasing, the average <Ca-O> bond length increases linearly, while <C-O> 
decreases systemactically. 
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Appendixes 
Appendix 2.1. Unit-cell parameters of anhydrous forsterite as functions of temperature. 
 
T (K) a (Å) b (Å) c (Å) V (Å3) 
  153 4.7522(3) 10.1853(5) 5.9759(4) 289.25(2) 
203 4.7534(5) 10.1872(9) 5.9773(6) 289.45(6) 
253 4.7548(5) 10.1915(9) 5.9804(6) 289.80(6) 
300 4.7558(6) 10.1975(12) 5.9824(4) 290.12(7) 
350 4.7563(5) 10.2056(12) 5.9887(8) 290.70(6) 
396 4.7574(6) 10.2107(15) 5.9918(10) 291.06(7) 
443 4.7601(4) 10.2179(9) 5.9940(5) 291.54(4) 
489 4.7616(4) 10.2252(9) 5.9977(6) 292.02(4) 
537 4.7647(3) 10.2336(7) 6.0002(4) 292.57(3) 
586 4.7665(5) 10.2396(10) 6.0021(6) 292.94(4) 
635 4.7683(4) 10.2477(8) 6.0087(5) 293.61(3) 
685 4.7701(5) 10.2533(13) 6.0135(8) 294.12(6) 
736 4.7729(6) 10.2624(13) 6.0139(8) 294.57(6) 
787 4.7758(4) 10.2708(8) 6.0207(5) 295.32(3) 
839 4.7785(5) 10.2789(12) 6.0222(8) 295.80(5) 
889 4.7806(4) 10.2873(8) 6.0297(5) 296.53(3) 
 
 
 
Appendix 2.2. Unit-cell parameters of hydrous forsterite as functions of temperature. 
 
T (K) a (Å) b (Å) c (Å) V (Å3) 
133 4.7507(3) 10.1934(4) 5.9790(4) 289.54(2) 
173 4.7509(2) 10.1962(5) 5.9802(3) 289.69(2) 
223 4.7522(3) 10.2004(6) 5.9819(3) 289.97(2) 
300 4.7544(3) 10.2084(5) 5.9872(3) 290.59(2) 
350 4.7572(4) 10.2169(9) 5.9899(5) 291.13(3) 
396 4.7587(4) 10.2241(9) 5.9931(5) 291.58(3) 
443 4.7602(3) 10.2297(7) 5.9969(4) 292.02(2) 
489 4.7625(3) 10.2345(8) 5.9997(4) 292.44(3) 
537 4.7642(4) 10.2421(8) 6.0029(5) 292.92(3) 
586 4.7662(4) 10.2489(9) 6.0061(5) 293.39(3) 
635 4.7688(4) 10.2573(11) 6.0099(5) 293.97(4) 
685 4.7724(4) 10.2630(10) 6.0129(11) 294.51(5) 
736 4.7759(3) 10.2729(10) 6.0172(11) 295.22(5) 
787 4.7788(3) 10.2806(9) 6.0220(10) 295.85(4) 
839 4.7818(3) 10.2903(7) 6.0272(8) 296.57(4) 
889 4.7850(3) 10.3001(7) 6.0327(9) 297.33(4) 
919 4.7866(1) 10.294(5) 6.0328(3) 297.26(17) 
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Appendix 2.3. Unit-cell parameters of anhydrous wadsleyite as functions of temperature. 
 
T (K) a (Å) b (Å) c (Å) V (Å3) 
153 5.6969(5) 11.4387(11) 8.2476(16) 537.46(10) 
203 5.6976(5) 11.4414(10) 8.2496(15) 537.78(9) 
253 5.6990(4) 11.4432(10) 8.2536(13) 538.26(8) 
303 5.7007(5) 11.4456(10) 8.2580(13) 538.81(7) 
323 5.6994(6) 11.4525(13) 8.2606(10) 539.36(9) 
368 5.7018(5) 11.4595(12) 8.2622(10) 539.85(10) 
415 5.7034(6) 11.4593(13) 8.2713(17) 540.59(12) 
461 5.7054(6) 11.4630(12) 8.2765(16) 541.29(12) 
508 5.7074(4) 11.4651(9) 8.2813(10) 541.90(7) 
557 5.7090(5) 11.4686(10) 8.2853(13) 542.47(9) 
606 5.7111(5) 11.4728(11) 8.2921(13) 543.32(10) 
655 5.7140(5) 11.4776(10) 8.2977(11) 544.19(8) 
705 5.7164(5) 11.4847(10) 8.3037(11) 545.00(8) 
756 5.7190(5) 11.4873(10) 8.3108(11) 545.99(8) 
808 5.7219(4) 11.4914(9) 8.3168(10) 546.85(7) 
 
 
 
Appendix 2.4. Unit-cell parameters of hydrous wadsleyite as functions of temperature. 
 
T (K) a (Å) b (Å) c (Å) V (Å3) 
153 5.6779(8) 11.5118(19) 8.2393(20) 538.53(15) 
203 5.6794(7) 11.5111(18) 8.2447(18) 539.01(15) 
253 5.6796(9) 11.5162(21) 8.2461(22) 539.35(9) 
303 5.6803(7) 11.5235(15) 8.2503(11) 540.05(9) 
323 5.6813(3) 11.5250(8) 8.2512(5) 540.27(5) 
368 5.6832(3) 11.5296(8) 8.2547(5) 540.89(5) 
415 5.6849(4) 11.5338(8) 8.2610(6) 541.66(6) 
461 5.6876(3) 11.5393(8) 8.2678(6) 542.62(6) 
508 5.6909(4) 11.5455(10) 8.2786(7) 543.94(7) 
557 5.6927(3) 11.5525(8) 8.2851(6) 544.87(6) 
606 5.6941(6) 11.5641(15) 8.2872(10) 545.69(10) 
655 5.7027(15) 11.5566(34) 8.2870(21) 546.14(21) 
705 5.7115(8) 11.5179(20) 8.2951(12) 545.68(12) 
756 5.7189(7) 11.4969(20) 8.3078(13) 546.23(10) 
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Appendix 2.5. Cell parameters and volumes of ringwoodite I, II and III. 
Ringwoodite I:                                        Ringwoodite II:                                                       
T (K) a (Å) V (Å3)       T (K) a (Å) V (Å3) 
133 8.0583(5) 523.27(12)        133 8.0613(3) 523.86(6) 
153 8.0589(5) 523.41(10)        153 8.0623(4) 524.05(8) 
203 8.0605(5) 523.70(10)        203 8.0637(2) 524.34(5) 
253 8.0624(5) 524.06(10)        253 8.0660(3) 524.78(6) 
303 8.0666(4) 524.89(9)        303 8.0694(4) 525.45(7) 
323 8.0674(4) 525.04(9)        323 8.0706(3) 525.67(7) 
368 8.0703(4) 525.61(8)        368 8.0739(4) 526.32(8) 
415 8.0729(4) 526.12(8)        415 8.0766(4) 526.84(8) 
461 8.0765(4) 526.83(8)        461 8.0806(3) 527.63(7) 
508 8.0801(4) 527.53(8)        508 8.0847(4) 528.43(8) 
557 8.0841(4) 528.32(8)        557 8.0883(3) 529.15(6) 
606 8.0878(4) 529.04(8)        606 8.0921(3) 529.88(5) 
655 8.0916(4) 529.79(7)        655 8.0975(3) 530.95(6) 
705 8.0972(4) 530.89(8) 
531.87(8) 
       685 8.1030(3) 532.03(6) 
756 8.1022(4)        715 8.1073(3) 532.88(6) 
808 8.1068(5) 532.77(10)        746 8.1116(3) 533.72(6) 
859 8.1128(4) 533.97(8)        777 8.1150(3) 534.41(6) 
911 8.1282(25) 537.01(50)        808 8.1218(6) 535.75(12) 
          838 8.1294(10) 537.26(19) 
Ringwoodite III: 
T (K) a (Å) V (Å3) 
133 8.0762(8) 526.76(16) 
153 8.0765(7) 526.83(14) 
203 8.0786(4) 527.24(8) 
253 8.0809(5) 527.68(10) 
303 8.0833(3) 528.16(6) 
323 8.0853(4) 528.55(8) 
368 8.0884(4) 529.16(7) 
415 8.0933(4) 530.12(7) 
461 8.0975(4) 530.95(7) 
508 8.1028(4) 531.98(7) 
557 8.1070(3) 532.82(7) 
606 8.1175(5) 534.90(10) 
655 8.1272(5) 536.82(9) 
705 8.1375(4) 538.85(8) 
756 8.1494(6) 541.23(12) 
808 8.1670(7) 544.73(13) 
859 8.1775(10) 546.84(21) 
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Appendix 3.1. Anisotropic displacement parameters (Å2) for hydrous wadsleyite. 
cation atoms         Imma            I2/m  anion atoms        Imma             I2/m 
   Mg1    U11     0.0200(3)      0.0201(3)       
              U22     0.0081(3)      0.0080(2) 
              U33     0.0184(3)      0.0190(3) 
              U23     0.0033(2)      0.0035(2) 
              U13           0              0.0017(2) 
              U12           0              0.0157(2) 
              Ueq     0.0155(2)       0.0157(2) 
 
   Mg2    U11    0.0124(2)       0.0124(2)       
              U22    0.0063(2)       0.0061(2) 
              U33    0.0083(2)       0.0083(2) 
              U23           0                   0 
              U13           0           -0.0004(15) 
              U12           0                   0 
              Ueq    0.0090(10)     0.0090(12) 
 
Mg3A    U11   0.0107(2)       0.0110(3)       
              U22    0.0142(3)      0.0152(4) 
              U33    0.0092(3)      0.0099(3) 
              U23          0                    0 
              U13  -0.0008(2)     -0.0007(2) 
              U12          0                    0 
              Ueq    0.0114(2)      0.0120(2) 
 
Mg3B    U11                         0.0106(3)       
              U22                         0.0132(3) 
              U33                         0.0084(3) 
              U23                               0 
              U13                         0.0004(2) 
              U12                               0               
              Ueq                         0.0107(2) 
 
  Si         U11   0.0091(1)      0.0092(1)       
              U22   0.0076(2)       0.0075(1) 
              U33   0.0076(2)       0.0076(1) 
              U23  -0.00025(9)  -0.00024(7) 
              U13          0            0.00003(8) 
              U12          0            0.00002(7) 
              Ueq   0.0081(1)      0.00811(9)     
 O1      U11      0.0086(4)       0.0201(3)       
              U22      0.0129(5)       0.0080(2) 
              U33      0.0122(5)       0.0190(3) 
              U23            0               0.0035(2) 
              U13            0               0.0017(2) 
              U12            0               0.0157(2) 
              Ueq      0.0112(2)        0.0157(2) 
 
 O2      U11      0.0086(4)        0.0086(3)       
              U22      0.0129(5)        0.0130(4) 
              U33      0.0122(5)        0.0124(4) 
              U23             0                    0 
              U13             0               0.0002(3) 
              U12             0                    0 
              Ueq      0.0112(2)        0.0113(2) 
 
  O3      U11      0.0117(3)       0.0116(3)       
              U22      0.0113(4)       0.0113(3) 
              U33      0.0087(3)       0.0090(3) 
              U23      0.0009(2)       0.0010(2) 
              U13            0               0.0000(2) 
              U12            0               0.0001(2) 
              Ueq      0.0106(2)        0.0107(2) 
 
 O4A     U11     0.0097(2)        0.0096(2)       
              U22     0.0080(3)        0.0082(3) 
              U33     0.0101(3)        0.0103(3) 
              U23     0.0002(2)        0.0004(2) 
              U13     0.0004(2)        0.0004(2) 
              U12     0.0003(2)        0.0004(2) 
              Ueq     0.0093(2)        0.0094(2) 
 
  O4B    U11                             0.0096(2)       
             U22                              0.0079(3) 
             U33                              0.0099(3) 
             U23                             -0.0003(2) 
             U13                             -0.0004(2) 
             U12                              0.0002(2)               
             Ueq                              0.0092(2) 
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Appendix 3.2. Bond lengths (Å) and polyhedral parameters (Å) of cation polyhedra for the 
hydrous wadsleyite sample. 
 
                              Imma               I2/m 
                        Mg1    O3 2        2.118(1)        2.120(1) 
                                  O4A 4       2.058(1)        2.061(1) 
                                     O4B              --              2.057(1) 
                           O3   O4A(1)      3.055(2)        3.060(2) 
                                   O4A(2)      2.848(2)        2.849(2) 
                                   O4B(1)           --              3.051(2) 
                                   O4B(2)           --              2.852(2) 
                         O4A  O4B(1)       2.874(2)        2.872(2) 
                                   O4B(2)       2.947(2)       2.951(2)  
                               Ave. bond      2.078(1)        2.079(2) 
                               Ave. edge       2.939(2)       2.938(2) 
                         Poly. Vol. (Å3)   11.898(5)     11.916(5) 
                       
                        Mg2      O1           2.103(1)        2.104(1) 
                                      O2           2.101(1)        2.102(1) 
                                  O4A 4       2.081(2)        2.082(2) 
                                     O4B              --              2.084(2) 
                             O1   O4A         2.813(2)        2.818(2) 
                                     O4B              --              2.811(2) 
                             O2   O4A         3.097(2)        3.099(2)     
                                     O4B              --              3.100(2) 
                         O4A  O4B(1)       2.945(2)        2.951(2) 
                                   O4B(2)       2.916(2)       2.915(2) 
                              Ave. bond       2.089(1)        2.090(1) 
                              Ave. edge        2.947(2)       2.949(2) 
                        Poly. Vol. (Å3)    12.040(5)     12.054(5) 
 
                        Mg3A  O1 2       2.071(1)        2.071(1) 
                                    O3 2        2.010(2)       2.100(2) 
                                   O4A 2      2.102(2)        2.102(2) 
                               O1   O1          2.859(2)        2.861(2) 
                                     O3            3.058(2)        3.056(2) 
                                   O4A(1)       2.813(2)       2.818(2) 
                                   O4A(2)       3.041(2)       3.037(2) 
                             O3   O3             2.833(2)       2.838(2) 
                                   O4A(1)       3.055(2)       3.060(2) 
                                   O4A(2)       2.927(2)       2.924(2) 
                               Ave. bond       2.091(2)       2.091(2) 
                               Ave. edge        2.957(2)      2.958(2) 
 Poly. Vol. (Å3)  12.1003(6)  12.1103(6) 
                             Imma            I2/m 
Mg3B  O1 2         --             2.071(1) 
            O3 2         --              2.010(2) 
          O4B 2         --             2.101(2) 
   O1    O1              --              2.862(2) 
            O3              --              3.056(2) 
        O4B(1)           --              2.811(2) 
        O4B(2)           --              3.045(2) 
   O3    O3              --              2.834(2) 
        O4B(1)           --              3.051(2) 
        O4B(2)           --              2.929(2) 
    Ave. bond          --               2.091(2) 
    Ave. edge           --              2.957(2) 
Poly. Vol. (Å3)       --          12.1002(6) 
 
Si        O2           1.706(1)        1.705(1) 
           O3           1.637(1)        1.636(1) 
        O4A 2      1.635(1)        1.637(1) 
          O4B              --               1.637(1) 
  O2    O3           2.750(1)         2.748(1) 
         O4A         2.645(2)         2.647(2) 
          O4B              --               2.644(2) 
 O3    O4A         2.714(2)         2.716(2) 
          O4B              --               2.713(2) 
O4A   O4B        2.716(2)         2.718(2) 
   Ave. bond        1.653(1)        1.654(1) 
   Ave. edge         2.697(2)       2.698(2) 
Poly. Vol. (Å3)    2.3088(4)    2.3102(4) 
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Appendix 3.3. X-ray diffraction data for hydrous wadsleyite in neon pressure-medium. 
 
       Pspect.
+          Pneon
*               a                     b                     c                    V 
       (GPa)          (GPa)             (Å)                 (Å)                 (Å)                 (Å3) 
       1.6(1)           --              5.656(6)         11.540(7)         8.221(4)         536.6(7) 
       2.9(2)           --              5.638(6)         11.516(7)         8.186(4)         531.5(7) 
       6.0(2)           --              5.612(7)         11.443(7)         8.131(4)         522.2(7) 
      12.1(2)        11.8(2)       5.544(8)         11.319(8)         8.032(5)         504.1(8) 
      14.6(2)        14.8(4)       5.522(8)         11.282(9)         7.985(5)         497.4(9) 
      17.5(4)        17.1(2)       5.51(1)           11.23(1)           7.940(7)         491(1) 
      20.2(3)        19.6(2)       5.50(1)           11.18(1)           7.904(7)         486(1) 
 23.0(4)        22.5(4)       5.46(1)           11.16(1)           7.865(7)         480(1) 
      25.7(6)        25.0(5)       5.439(7)         11.096(8)         7.852(5)         473.9(7) 
      29.5(4)        28.9(5)       5.413(8)         11.050(8)         7.804(5)         466.8(9) 
      32.7(3)        31.7(7)       5.391(8)         11.012(9)         7.775(5)         461.5(8) 
      36.4(5)        35.5(5)       5.379(7)         10.967(7)         7.734(5)         456.2(7) 
      40.5(2)        39.6(5)       5.351(9)         10.940(9)         7.703(6)         451.0(9) 
      45.6(4)        45.0(4)       5.32(1)           10.89(1)           7.639(8)         443(1) 
      51.7(2)        50.8(4)       5.28(1)           10.82(1)           7.600(7)         434(1) 
      55.6(3)        55.1(5)       5.26(1)           10.78(1)           7.563(6)         429(1) 
      61.2(2)        61.3(7)       5.24(1)           10.73(1)           7.515(7)         422(1) 
Note: The pressure values used for further calculations are marked bold. 
      +: Pspect. values were read from spectrometer, using the ruby fluorescence line 
calibrated by Mao et al. (1986). The uncertainty was determined by the difference 
between the values read before and after each measurement. 
      *: Pneon values were determined from the equation of state of neon (Fei et al. 
2007; Dorogokupets and Dewaele 2007) 
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Appendix 4.1. Unit cell parameters and data collection parameters for hydrous wadsleyite (space 
group: I2/m with origin shift (1/4, ¼, ¼)) 
 
Temp. (K)         a (Å)              b (Å)               c (Å)                 β (º)               V (Å3)   
    303            5.6693(4)       11.571(1)        8.2407(5)         90.209(3)         540.59(7)    
    350            5.6711(5)       11.575(1)        8.2451(8)         90.208(5)         541.21(9)    
    396            5.6725(4)       11.580(1)        8.2500(6)         90.207(5)         541.90(8)          
    443            5.6753(4)       11.586(1)        8.2564(7)         90.223(5)         542.89(8)    
    489            5.6779(4)       11.595(1)        8.2648(7)         90.267(5)         544.10(9)    
    537            5.6795(5)       11.607(1)        8.2735(8)         90.473(5)         545.40(9)    
    586            5.6827(6)       11.616(1)        8.2749(8)         90.448(6)         546.23(9)     
    635            5.6897(7)       11.615(2)         8.283(1)          90.268(7)          547.4(1)    
    685            5.7120(5)       11.509(1)        8.2931(7)         90.019(5)         545.21(8)    
    736            5.7190(4)       11.494(1)        8.3008(5)         90.018(2)         545.61(5) 
 
 
 
Appendix 4.2. Unit cell parameters and data collection parameters for dehydrated wadsleyite 
(space group: Imma) 
 
Temp. (K)         a (Å)                b (Å)                c (Å)               V (Å3)   
    303            5.6995(3)        11.4589(8)         8.2556(5)        539.17(6)       
    359            5.7015(3)        11.4613(8)         8.2609(5)        539.82(6)             
    415            5.7037(4)        11.4664(8)         8.2662(5)        540.62(6)      
    471            5.7063(5)       11.4706(13)        8.2718(8)        541.42(9)                               
    527            5.7083(3)        11.4749(8)         8.2776(5)        542.20(6)            
    586            5.7105(3)        11.4798(8)         8.2826(5)        542.97(6)          
    645            5.7141(4)        11.4845(8)         8.2912(5)        544.09(6)       
    705            5.7180(4)       11.4915(11)        8.2984(7)        545.27(8)       
    767            5.7205(4)        11.4960(9)         8.3043(6)        546.16(6) 
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Appendix 5.1. Unit-cell parameters vs. pressure of hydrous ringwoodite for single-crystal XRD. 
 
Pruby (GPa)         Pneon (GPa)               a (Å)                  V (Å
3) 
   1.3(1)                       --                    8.068(3)              525.1(3) 
   2.7(1)                       --                    8.049(3)              521.4(3) 
   4.5(1)                       --                    8.021(3)              516.1(3) 
   6.7(2)                    6.7(2)                7.991(3)              510.3(3) 
   8.9(2)                    8.8(2)                7.961(3)              504.5(3) 
 11.2(2)                   10.9(2)               7.938(3)              500.2(3) 
 13.1(2)                   13.0(2)               7.915(3)              495.8(3) 
 14.8(1)                   14.9(2)               7.894(3)              492.0(4) 
 16.6(1)                   17.1(3)               7.872(4)              487.8(4) 
 18.6(1)                   19.6(4)               7.852(5)              484.1(5) 
 20.6(1)                   21.5(4)               7.833(6)              480.7(6) 
 22.3(1)                   22.3(4)               7.823(5)              478.8(6) 
 24.8(1)                   25.6(2)               7.794(6)              473.5(6) 
 26.6(1)                   28.0(3)               7.776(5)              470.1(5) 
 28.9(3)                   29.4(5)              7.764(4)              468.0(4) 
 
 
Appendix 5.2. Unit-cell parameters vs. pressure of hydrous ringwoodite for powder XRD. 
 
  P (GPa)                 a (Å)                  V (Å3) 
    2.4(1)                 8.0472(4)            521.1(1) 
    2.9(1)                 8.0335(9)            518.5(2) 
    3.6(1)                 8.0251(5)            516.8(1) 
    4.6(1)                 8.0054(9)            513.0(2) 
    5.4(1)                 7.9963(7)            511.3(1) 
    6.2(1)                 7.9888(5)            509.8(1) 
    7.0(1)                 7.9799(5)            508.2(1) 
    7.6(1)                 7.9758(6)            507.4(1) 
    8.4(1)                 7.9590(4)            504.2(1) 
    9.3(1)                 7.9504(6)            502.5(1) 
  10.3(1)                 7.9352(4)            499.6(8) 
  11.3(1)                 7.9273(5)            498.2(1) 
  12.3(2)                 7.9108(6)            495.1(1) 
  13.4(2)                 7.8993(5)            492.9(1) 
  14.7(2)                 7.8861(8)            490.4(2) 
  15.6(2)                 7.8720(5)            487.8(1)   
  16.4(2)                 7.8660(7)            486.7(1) 
  17.6(2)                 7.848(1)              483.3(2) 
  18.6(2)                 7.8429(6)            482.4(1) 
  19.4(2)                 7.8360(6)            481.2(1)       
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Appendix 5.3. Anisotropic displacement parameters (Å2) for the hydrous ringwoodite at various 
temperatures. 
 
                                   Mg                                   Si*                                         O     
T(K)               Uii                   Uij                         Uii                           Uii                    Uij 
143            0.0042(13)     -0.0006(4)             0.0061(15)              0.0039(14)       0.0007(6)      
193            0.0049(8)       -0.0006(3)             0.0054(9)                0.0047(9)         0.0005(4)      
243            0.0056(6)       -0.0005(2)             0.0052(7)                0.0059(7)         0.0006(3) 
303            0.0058(6)       -0.0009(2)             0.0061(7)                0.0065(8)         0.0005(3) 
350            0.0075(8)       -0.0007(4)             0.0083(9)                0.0081(11)       0.0007(5) 
396            0.0081(9)       -0.0010(3)             0.0079(9)                0.0079(11)       0.0007(5) 
443            0.0090(8)       -0.0010(3)             0.0088(9)                0.0089(10)       0.0004(4) 
489            0.0104(11)     -0.0012(4)             0.0091(12)              0.0101(16)     -0.0002(6) 
537            0.0109(10)     -0.0017(5)             0.0116(11)              0.0102(15)      0.0008(6) 
586            0.0122(9)       -0.0016(4)             0.0121(9)                0.0132(14)      0.0008(5) 
635            0.0127(12)     -0.0026(4)             0.0116(13)              0.0147(15)      0.0007(7) 
685            0.0175(11)     -0.0024(4)             0.0160(11)              0.0180(16)      0.0004(7) 
736           0.0205(12)      -0.0033(5)             0.0195(12)              0.0219(18)      0.0015(7) 
RT(635)     0.0086(10)    -0.0013(4)             0.0100(11)              0.0095(14)      0.0008(6) 
RT(685)     0.0110(9)      -0.0017(4)             0.0121(9)                0.0132(13)      0.0017(6) 
RT(736)     0.0134(12)    -0.0022(4)             0.0142(13)              0.0168(15)      0.0019(8)   
*: For Si anisotropic refinement, Uij = 0.  
 
 
Appendix 5.4. Bond lengths and polyhedral volumes for hydrous ringwoodite at temperatures.  
 
T(K)          Si – O (Å)       V(Si) (Å3)             Mg – O (Å)       V(Mg) (Å3)         V(None) (Å3) 
143             1.661(2)           2.351(6)                2.070(3)           11.791(17)             319.0(3) 
193             1.662(1)           2.356(4)                2.070(3)           11.785(12)             319.2(2) 
243             1.663(1)           2.358(3)                2.071(2)           11.793(9)               319.5(2) 
303             1.663(1)           2.359(3)                2.072(2)           11.804(9)               320.1(2) 
350             1.663(2)           2.359(5)                2.073(3)           11.842(15)             320.3(3) 
396             1.663(2)           2.359(5)                2.075(3)           11.863(15)             320.6(3) 
443             1.665(2)           2.368(5)                2.075(3)           11.867(15)             321.3(3) 
489             1.666(2)           2.372(7)                2.076(4)           11.887(19)             321.8(3) 
537             1.666(2)           2.372(6)                2.078(3)           11.923(18)             322.3(3) 
586             1.666(2)           2.371(5)                2.080(3)           11.960(15)             322.8(3) 
635             1.669(2)           2.384(6)                2.082(3)           11.982(18)             323.9(3) 
685             1.672(2)           2.401(6)                2.084(3)           12.018(18)             325.5(3) 
736             1.676(2)           2.417(7)                2.087(4)           12.080(19)             327.3(4) 
RT(635)      1.669(2)          2.385(6)                2.073(3)           11.841(18)             321.9(3) 
RT(685)      1.671(2)          2.393(5)                2.075(3)           11.878(15)             322.8(3) 
RT(736)      1.675(2)          2.412(6)                2.076(3)           11.890(18)             324.2(3) 
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Appendix 6.3. Unit-cell parameters of aragonite at temperatures 
 
T (K)                a (Å)                     b (Å)                    c (Å)                     V (Å3) 
Low temperature range: 
143               4.9518(6)              7.9446(7)              5.7121(6)              224.71(3) 
184 4.9541(5)              7.9494(6)              5.7186(5)              225.21(3) 
224 4.9564(5)              7.9536(6)              5.7253(5)              225.70(3) 
265               4.9579(6)              7.9595(7)              5.7328(6)              226.23(4) 
300               4.9596(5)              7.9644(7)              5.7416(5)              226.80(4) 
High temperature range: 
300               4.9615(7)              7.963(1)                5.7428(8)              226.89(5) 
359               4.9638(8)              7.970(1)                5.755(1)                227.65(7) 
415               4.9667(7)              7.978(1)                5.7680(9)              228.54(6) 
471               4.9692(7)              7.987(1)                5.7796(8)              229.39(5) 
527               4.9723(6)              7.9983(9)              5.7931(7)              230.39(5) 
586               4.973(2)                8.011(2)                5.806(2)                231.32(9) 
 
 
 
Appendix 6.4. Unit-cell parameters of strontianite at temperatures 
 
T (K)                a (Å)                     b (Å)                    c (Å)                     V (Å3) 
Low temperature range: 
143               5.0826(9)              8.337(1)                5.956(1)                252.37(5) 
184               5.0844(7)              8.3408(8)              5.9650(8)              252.96(4) 
224               5.0871(7)              8.3453(8)              5.9731(8)              253.58(4) 
264               5.0892(7)              8.3482(9)              5.9816(8)              254.13(4) 
300               5.0914(6)              8.3519(8)              5.9901(7)              254.71(4) 
High temperature range: 
300               5.086(1)                8.349(1)                5.998(2)                254.7(1) 
353               5.093(1)                8.357(2)                6.011(2)                255.9(1) 
396               5.094(1)                8.360(2)                6.024(2)                256.6(1) 
443               5.098(1)                8.365(2)                6.037(2)                257.5(1) 
489               5.099(1)                8.369(1)                6.051(2)                258.2(1) 
537               5.102(1)                8.374(2)                6.061(2)                259.0(1) 
586               5.105(1)                8.382(2)                6.078(2)                260.1(1) 
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Appendix 6.5. Unit-cell parameters of cerussite at temperatures 
 
T (K)                a (Å)                     b (Å)                    c (Å)                       V (Å3) 
Low temperature range: 
143               5.1741(4)              8.4919(9)               6.0921(5)                267.73(3) 
184               5.1752(3)              8.4926(7)               6.1045(4)                268.30(2) 
225               5.1777(5)              8.493(1)                 6.1180(6)                269.04(4) 
265               5.1796(4)              8.494(1)                 6.1305(6)                269.73(4) 
300               5.1820(4)              8.4953(9)               6.1436(5)                270.46(3) 
High temperature range: 
300               5.1833(7)              8.493(1)                 6.1404(7)                270.28(6) 
353               5.1867(7)              8.497(1)                 6.1612(7)                271.54(6) 
396               5.1889(6)              8.5008(9)               6.1767(7)                272.46(4) 
443               5.1919(7)              8.505(1)                 6.1996(9)                273.76(5) 
489               5.195(1)                8.509(1)                 6.223(1)                  275.08(8) 
 
 
 
Appendix 6.6. Unit-cell parameters of witherite at temperatures 
 
T (K)                a (Å)                     b (Å)                    c (Å)                     V (Å3) 
Low temperature range: 
143               5.3072(9)              8.8953(9)              6.400(1)                302.12(6) 
184               5.3102(8)              8.8976(8)              6.4070(9)              302.72(5) 
224               5.3135(7)              8.9006(6)              6.4148(8)              303.37(4) 
264               5.3157(9)              8.9038(8)              6.4242(9)              304.05(5) 
300               5.3193(9)              8.9056(8)              6.4353(9)              304.85(5) 
High temperature range: 
300               5.3174(9)              8.904(1)                6.4352(8)              304.68(5) 
353               5.3181(9)              8.905(1)                6.4501(8)              305.47(5) 
396               5.3205(8)              8.907(1)                6.4649(7)              306.36(5) 
443               5.3230(8)              8.910(1)                6.4811(9)              307.41(6) 
489               5.325(1)                8.914(1)                6.4985(9)              308.46(6) 
537               5.328(1)                8.916(1)                6.516(1)                309.54(8) 
586               5.33191)               8.918(2)                6.534(1)                310.65(9) 
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